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Energizing Cosmic Rays 
Cosmic rays are energetic particles that are 
accelerated by magnetic fields in space. A very 
‘small fraction of the cosmic rays that penetrate 
Earth's atmosphere have tremendous energies, 
exceeding tens of EeV (1 EeV is 10* electron 
volts). Their presence is puzzling because cosmic 
‘rays should lose energy very quickly as they 
travel through space, and so these highest- 
‘energy particles would not be expected to sur- 
vive the journey. The Pierre Auger Collabora- 
tion (p. 938; see the cover and the news story by 
Cho) detected 80 of the highest-energy cosmic 
rays and located their directions in the sky by 
combining two detection techniques. The most 
‘energetic cosmic rays originate statistically from 
areas of the sky that are populated by nearby 
active galactic nuclei, which themselves trace 
galary-rich regions that include the super- 
galactic plane. Thus, the cosmic rays’ huge ener- 
ies might be explained if they were accelerated 
around giant galactic black holes lying within 
75 megaparsecs of the Milky Way. 


Morning Methane Mist 


When the Huygens probe landed on Titan, it 
descended through clouds of methane and 
landed on a damp surface wetted by methane 
‘mist. Larger fluvial channels suggest that Titan's 
weather may become stormier and has prompted 
the need for understanding of its atmospheric 
‘methane cycles. Adémkovics et al. (p. 962, 
published online 11 October) used terrestrial 
telescopes to map areas of high-infrared 
‘methane opacity in Titan’s lower troposphere. 
These studies revealed methane clouds and 
droplets below 15 kilometers altitude and 
‘methane drizzle below 5 kilometers. These phe- 


‘nomena are seen preferentially on the morning 
side of the leading hemisphere, which suggests 
that diurnal temperature gradients may con- 
tribute to variations in methane relative humid- 
, 35 well as to winds and topography. Thus, 
morning drizzle is widespread and may be the 
dominant mechanism for returning from the 
atmospheric methane to the surface. 


Thrown for a 


Dislocation Loop 

The migration behavior of vacancies and self- 
interstitial atoms are of 

importance in under- 
standing radiation 
damage effects in 
materials and 
mechanical 
responses to 
applied stresses 
(see the Perspec- 
tive by Wirth). 
‘Arakawa et al. 
(p.956) show that for 
a-iron, defect loops can 
migrate even under a zero-stress 
condition. Motion arises through the formation 
of double kinks, and fluctuations in their num- 
ber drives the motion of loop defects; their diffu 
sion rate depends on the loop size. These obser- 
vations help directly confirm many ofthe effects 
associated with the migration of radiation- 
induced defects and dislocations loops. Prior 
simulation studies have indicated that small 
vacancy loops would nat undergo one-dimen- 
sional (1D) migration in face-centered cubic 
metals. Matsukawa and Zinkle (p. 959) use 


<< Speedier Yellowstone Uplift 


The Yellowstone caldera is the remnant of three giant 
eruptions 640,000 years ago, as well as numerous smaller 
eruptions prior to 70,000 years ago. The region is still 
very active and experiences earthquakes, heat flow, and 
ground deformation, as well as hydrothermal activity. 
Chang et al. (p. 952) present satellite radar and global 
positioning satellite measurements which show that the 
caldera underwent a period of accelerated uplift between 
2004 and 2006. The highest rate of about 7 centimeters 
per year is more than three times faster than uplift rates 
measured since the 1920s. The uplift may reflect ongoing 
magma recharge and fluid redistribution, 


in situ transmission electron microscopy obser- 


vations of gold foil specimens that contained a 
large number of vacancies and observed vacancy 
loops showing 10 oscillatory motion. A pris- 
matic, highly mobile vacancy-type dislocation 
loop can spontaneously transform into a stack- 
ing fault tetrahedron. 


Straining to Understand 


Prion Diseases 


‘Mammalian prion diseases are infectious lethal 
neurodegenerative disorders. The pathogenic 
agent of prion diseases is thought to lack 
nucleic acids, but instead relies on the prop- 
agation of a pathological conformation of 
the prion protein, an endogenous glyco- 
protein. Collinge and Clarke (p. 930) 
review several aspects of prion dis- 
eases, including how prion strains can 
bbe generated and maintained and 
suggest a model for how prion propa- 
gation involves the generation of toxic 
intermediates. 


Life and Death Decisions 
How do cells determine whether to live or die 
after exposure to stressors that cause misfold- 
ing of intracellular proteins? Lin et al. (p. 
944) find that the IRE1 signaling branch of the 
unfolded protein response plays a key role in 
Promoting cell survival after protein misfold- 
jing in the endoplasmic reticulum (ER). Human, 
cells shut off IRE1 signating after prolonged 
ER protein misfolding in order to enhance 
cell survival 
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Donald Kennedy isthe 
EditorinChiel of Science, 


Bill Golden 


THE SCIENTIFIC COMMUNITY LOST A REMARKABLE RESOURCE WHEN WILLIAM T. GOLDEN, 
for years the treasurer of the American Association for the Advancement of Science (AAAS) 
among many other things, passed away on 7 October of this year at the age of 97. Bill had a 
stunning career, well positioned at the juncture of the science he loved and the public interest 
to which he was so dedicated. He will be missed for many reasons, not least because he was a 
treasury of knowledge and recollection about science and public policy. 

The list of his commitmentsisnot merely long; its full ofhigh spots, Forhalf'a century, he was 
a major authority on the history and practice of giving science advice tothe US, government, His 
book Science Advice to the President was frst published by AAAS in 1980, is now in its second 
edition, and is required reading for anyone seriously interested inthe evolution of science policy. 
Bill first dipped into personal involvement in science right after his release from active wartime 
Navy service, and he didn’ stop for a moment until his death. 

Tt seems safe to say that the scientific community in the United States 
has never had a stronger or more resolute supporter. But that would 
unfairly exclude his importance to international science, which he served 
in multiple ways, among which two are especially significant. In the * 
carly 1990s, he established and served as the organizer and leader of the 
‘Camegie Group, an association of science advisers and ministers from & 
the G7 nations. These candid sessions had a positive effect on scientific 
‘coordination among these countnes, and according to the late D. Allan. 

Bromley, former Science Adviser to President George H.W. Bush, the 
‘Carnegie Group would not have existed without Golden. 

In the early years of the Clinton administration, Bill saw the need 
for more scientific input to the Department of State, and with others, 
succeeded in managing a feat that not only required his personal 
ingenuity but cost him something as well, He persuaded Secretary of 
State Albright to request a National Academies study on the role of science, technology, and 
health in foreign affairs. State and the Academies worked together on the study, Bill paid 
for it, Secretary Albright accepted its findings, and Norman Neureiter was appointed as her 
science adviser. The position was a historic first and deserves to be made permanent. 

| would guess thatthe deepest impact of Bill’s vision came about through his chairmanship, 
with Joshua Lederberg, of the Camegie Commission on Science, Technology, and Govemment. 
It was the brainchild of David Hamburg, president of the Carnegie Corporation of New York. 
Hamburg hada strategy about commissions: thatnongovernment groups, if appropriately formed 
and supported, could have a national voice and an influence at least as great as those of groups 
formed by government. This one had a membership that inchuded former President Carter and a 
roster of scientists, university presidents, and former government officials, but mast of the real 
‘work was done by task forces assigned to work on particular problems. Well over a dozen reports 
‘were produced: they sit on my shelf and are useful enough that | still occasionally refer to then 
Bill's favorite was surely the first of these, Science and Technology in US. International Affairs. 
He wrote the foreword with Lederburg and clearly brought the report into play at the beginning 
of his effort to inject science policy into the Department of State. 

‘Do you sce a certain pattern here? Golden would discover a problem, and if it was important 
‘enough, he got an early start, creating auspices under which his plan for addressing it could gain 
‘some credibility. Later, that plan could be referred toas an enabling document in the bibliography 
ofan official study on the problem. If further studies were needed, they would get done, perhaps 
through Bill’s financial as well as intellectual gifts. Time after time, when he saw a real need, he 
found a way to fill it. What an epitaph! 


~Donald Kennedy 


10.1126/cience.1151940 
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BlocnEMIsTRY 
Three Times Two Is Six 


Photosynthetic organisms take advantage of an abundance of 
nitrogen by storing it as arginine (whose side chain contains a 
nitrogen-rich guanidinium group), a reaction that is catalyzed by 
the dimeric protein N-acetylglutamate kinase (NAGK)—an enzyme 
that is, not surprisingly, subject to feedback inhibition by arginine. 
P,, proteins are one of the central metabolic coordinators of carbon 
isa homotrimer and has been shown 
previously to regulate ammonia influx into cells by inserting its T Loop 
into the cytoplasmic vestibule of the trimeric ammonia channel; too 
‘much of a good thing can be hazardous to one’s acid/base equilibrium. 
Llicer et al. describe structural and biochemical studies of the interaction 
between P,, and NAGK in the cyanobacterium Synechococcus. They show that a hexam- 


and nitrogen fluxes; this protei 


eric ring (a trimer of dimers) of NAGK is sandwiched by a pair of P, trimers, so that each 


of the sixP, subunits makes a reversible contact covering about 600 A? with a single NAGK 
subunit. Each NAGK dimer is oriented at an angle to the plane of the ring, asin the blades of a 


propeller, and the binding of P, increases the angle slightly. The arginine-binding sites are located at the 

interdimer surfaces, and tilting the dimers and altering the interdimer contacts reduces the binding affinity for arginine by 
15-fold. Unlike its direct inhibition of the ammonia channel, the effect of P, binding on NAGK, though also mediated in large 
partby the T loop, is entirely indirect and distant from both the catalytic and allosteric sites. — GJC 

Proc, Natl Acod, ci U.SA. 104, 17644 (2007). 


wun 
Death by Consumption 


Regulatory T (Tg) cells continue to command 
attention in the minds of immunologists, not 
{east because the mechanisms by which they 
exert their suppressive effects remain obscure. 
Although one possibility is that Try cells paralyze 
particular functions in effector T cells, Pandiyan 
etal. pesent evidence that they can starve their 
targets to death, 
When the two 
types of T cells 
were placed in 
culture together, 
the effector (also 
called the 
responder) CO: 
Tell population 
eventually 
underwent cell 
death in a man- 
ner reminiscent 
of that seen 
when T cells are deprived of cytokines. It 
emerged that the Treg cells were consuming the 
‘growth factor interleukin 2 (IL-2), and possibly 
‘other cytokines as well. This depletion appeared 
to operate only when the two types of cells were 
in close proximity, suggesting that the balance 
between the supply of secreted cytokines and the 
voraciousness ofthe Ty cells might be an 


Dying T cells (pink) 
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important factor, Cell death by cytokine with- 
drawal was controlled by intracellular mediators, 
such as the pro-apoptotic protein Bim, and Bim- 
deficient responder T cells were able to resist 
suppression by Trg Cells. Cytokine consumption 
Dy Treg cells was aso found to block pathogenic 
T celisin a mouse colitis model, suggesting that 
this mechanism might be broadly involved in 
regulating pro-inflammatory T cells. — S}S 

‘Nat. Immnol 8, 1353 (2007). 


From Pathogen to Polymer? 


Diagnosing diseases would ideally entail 
simple, rapid, inexpensive tests with 
both high sensitivity and high specificity. 
(One widely applied approach at the 
‘molecular level has been the enzyme 
linked immunosorbent assay (ELISA), in 
which an antigen associated with the dis- 
ease is induced to bind with an antibody 
attached toan enzyme. A substrate is 
then added that the enzyme can modify 
to elicit a visible response, such as fluorescence, 
for quantification. In some cases, however, 
ELISAs can be complicated to implement and 
‘may not offer the requisite sensitivity. Sikes et ol. 
present a promising preliminary exploration of 
an altemative approach, in which the enzyme is 
replaced by a synthetic photoinitiator of free- 
radical polymerization. Specifically, the authors 


appended ~140 initiators and one or two avidin 
derivatives teach chain in a sample of acyl § 
acid/acrylamide copolymer. They then exposed a 
surface functionalized with biotin to this sensing 
polymer and detected avidin-biotin binding by 
‘adding aqueous acrylate monomers and irradiat- j 
ing the samples with ultraviolet ight to induce $ 
polymerization where the initiators were bound. 
‘8 10-min itragiation time was sufficient to prog 
duce visible white polymer spots on samples 
containing as few as 1000 biotin sites: a j 
response several orders of magnitude more sen 
sitive than an enzyme-based assay applied tothe § 
same system. —}SY 3 
Nat Mote. 10:1038/mat2042 (2007). 5 
ELL 10106 3 
From Fat to Fusion 4 
In diabetes, lipid droplets can often be seen to § 
accumulate in muscle and ive cells The extent 
to which individual lipid droplets interact 
within the ellis not very well understood. = 
Bostrm et al. describe how such intracellular § 
tip droplets can gro within acallby the 
fusion of individual droplets; this merging is 
promoted by components of the intracellular 
‘vesicle fusion machinery, which are better = 
known as the molecular mediators of transport 2 
vesicle fusion with their target membranes. = 8 
Lipid droplets from fibroblast cells in culture © 
were isolated by cell fractionation and shown to § 
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contain several proteins, including members of 
the so-called SNARE family of membrane fusion 
proteins. In an assay of lipid droplet fusion in 
living cells, the knockdown of lipid-droplet— 
associated SNAREs reduced the number of 
fusion events observed by up to 75%. Further- 
more, in muscle cells, the co-opting of one of 
the SNAREs, SNAP23, to lipid droplets (for 
‘example, by adding increasing amounts of the 
fatty acid oleic acid) may play a role in the 
development of insulin resistance by diverting 
the SNARE from its normal function in detiver- 
ing glucose transporters to the cell surface in 
response to insulin, — SMH 

Nat Cell Bio. 9, 1286 (2007 


Atom 


Gyroscopes 


We terrestrials tend to get our bearings from 
compass readings, tracking the stars, or more 
recently in a digital format from global position- 
ing systems. For the likes of satellites, orbiting 
telescopes, and probes navigating through deep 
space, the systems of choice to point the way are 
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Interfering atom paths (purple). 


based on gyroscopes atigned with a distant ref 
erence star. To study predictions of general rela- 
tivity such as frame dragging, the effects of 
which would be seen as tugs on the rotation axis 
of the gyros, high sensitivity of the gyroscopes 
to rotation isa prerequisite. In this context, 
atom interferometers can surpass mechanical 
‘gyroscopes or optical interferometers by orders 
‘of magnitude. Wu et a. report on the develop- 
‘ment ofa cold-atom interferometer in which 2 
matter wave of Rb atoms is split in two, with 
both halves sent around opposite paths repeat- 
edly and brought together again to produce an 
interference pattern. The phase shift is sensitive 
to the rotation ofthe interferometer. — 150 
Phys. Rev. Lett. 99, 173201 (2007). 


S'CHOICE 


Picking Partners 


The evolution of strategies for synthesizing com- 
plex organic molecules refed in large part on a 
deepening understanding of the relative reaction 
rates of often subtly differing functional groups. 
Rational assembly of larger, supramolecular 
structures, which are held together by an array of 
‘noncovalent interactions, is now proceeding 
along a similar course, with predictive principles 
emerging from careful systematic studies. In this 
vein, AakerBy et al. have explored the competi- 
tion between hydragen and halogen bonding in 
the cocrystallization of several small aromatic 
building blocks. One crystallizing partner con- 
tained two nitrogen sites (pyridine and benzimi- 
dazole), each of which could potentially act as an 
acceptor toward either a polarized hydrogen or a 
halogen. The donor partners each bore an oxime 
(CH=NOH) group, which could interact through 
either the CH or the O-H site, as well asa fluo- 
rine, bromine, or iodine substituent poised for 
halogen bonding. Crystallography revealed that 
inall three cocrystals, the benzimidazole N 
formed an H bond with the oxime OH. In the F- 
and Br-substituted systems, the pyridine N 
attracted the C-H group; only in the iodo case 
did a halogen bond form instead. — )SY 

J. Am, Chem, Soc. 229, 10.102V}207320%c 

(2007) 


Stages of Growt! 


Many important catalysts are composed of sup- 
ported metal nanoparticles. Although xray 
absorption spectroscopy has been used to probe 
the impact of particle size and shape on chemical 
reactivity, itis difficult to extract information 
beyond the frst few coordination shels, and there 
isa risk with this technique of radiation damage 
to the samples. Chupas etal. show that by moni- 
toring the change in par distribution functions 
from the scattering of weakly absorbed (and thus 
minimally damaging) high-energy x-rays, they 
can track the growth of PP nanoparticles with 
time. They studied the reduction of PCL, sup- 
Ported on titanium dioxide, at temperatures from 
100° to 200°C. The Pt-Cl correlations decreased 
linearly wth time without an induction period, 
suggesting that the reduction is not autocatalytic, 
as has been seen for Pt species in solution. Data 
collected during the heating period revealed a 
shift in the dominant process from reduction of 
the Ptions (to make isolated metal atoms or small 
clusters), to rapid growth or sintering, and finally 
ripening ofthe larger clusters. — MSL 

1. Am. Chem. Soc. 129, 10.1021/2076437p 

2007) 
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Rare-Tiger Photo Flap 
Makes Fur Fly in China 


Afew weeks ago, tiger researchers celebrated 
the news that a South China tiger (Panthera 
tigris amoyensis) had been spotted—and pho- 
tographed—in the wilds of Shaanxi Province. 
But netizens in China and elsewhere have 
declared it only a “paper tiger” after scrutiiz- 
ing the two available images. 

‘Although the species has been declared 
“functionally extinct,” reports of tiger activity in 
the heavily forested Qinba Mountains prompted 
Shaanxi officials to offer a reward to anyone able 
to photograph one of the tigers. 

‘Ata 12 October press conference in Xian, 
Zhou Zhenglong, a former hunter, told a rapt 
audience of his quest to photograph the beast, 
crawling to within 20 meters of one and snap- 
ping 72 images. When the camera's flash went 
off, the tiger roared and disappeared, he said 

Skeptics, citing factors such as the tiger's 


DINO D 


old 


www sciencemag.org 


A breathtaking panorama will greet visitors to the Carnegie Museum 
of Natural History in Pittsburgh, Pennsylvania, when the 100-year- 
josaur Hall reopens on 16 November after a lengthy $36 mil 
lion renovation. Created by artists Robert Walters and Tess Kissinger 
of Philadelphia, the mural stretches 55 meters over two walls and is. 
4.5 meters high. It depicts life in the Jurassic Morrison Formation of 
western North America—which stretches from Saskatchewan, 


tame-looking expression and 
‘unreal coat color—as well as 
the fact that the two photos por- 
tray exactly the same tiger but 
differently positioned foliage— 
think it’s more likely that some- 
‘one planted a cardboard tiger in 
the bushes. Fu Dezhi, a botanist 
at the Chinese Academy of 
Sciences, adds thatthe plants 
are not to scale in relation to the 
tiger. Zhou, who was paid 
20,000 yuan (52666) for the 
images, says, “I guarantee with 
‘my head that the photographs 
are authentic.” 

The Shaanai Forestry 
Bureau is pushing ahead with plans fora thor- 
‘ough survey and a tiger reserve. “it’s tremen- 
dously exciting news, if it can be sub- 
stantiated,” says tiger expert 
Gary Koehler of Washington 
state's Department of 
Fish and Wildlife (Science, 

7 September, p. 1312). ft 
But fist, “they need to 

look for hair snags or scat” 

for genetic verification. 


Lean Times for 
Lake Superior 


This fall, the water level of Lake Superior, the 
world’s largest freshwater lake, dipped below 
the record it set in the Dust Bow days of 1926. 
In September, the 1540-square-bilometer Lake 
‘on the Canadian border was at its lowest since 
record-keeping began in 1860—with an average 
depth of 183 meters. October's level went up 


‘open next year. 
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after several weeks of rain but was still 30 cm 
below the long-term average. Boats are resting 
‘on mud, docks are poking nothing but air, 

and fishermen and lakeside rice growers are 
watching their livelihoods dry up. 

Some factors that explain the mess: The sur- 
face temperature of the lake has mysteriously 
risen 4.5°C since 1978—twice as fast as 
the temperature ofthe surrounding ar. Ie, 
which blocks evaporation, has become rare on 
Superior, and precipitation has dropped 15 cm 
2 year from the annual average of 77 cm. 

But the big picture remains unclear 
“We know how it's happening, but the why— 
| don’t know,” says hydrologist Cynthia Sellinger 
‘of the National Oceanic and Atmospheric 
‘Administration. One reason, experts say, is that 
climate models aren't very good at predicting 
‘greenhouse effects at regional scales, 


<< Micromini Radio 
A carbon nanotube 10,000 times as 
thin as a human hair turns radio. 
waves into music, acting like a tiny 
radio, in this image (wavy tines 
added) taken by researchers at 
the University of California, Irvine, 
AM radio waves cause the tube to 
vibrate; then an electric field forces 
electrons—that is, an electrical cur- 
rent—out of its tip. The current detects the 
vibrations, converting the waves to sound. This 
month in Nano Letters, Peter Burke and 
Christopher Rutherglen report using the device 
to transmit music wirelessly almost a meter 
from an iPod to a speaker. Scientists are finding 
that radio frequencies are well-suited to manip- 
ulating nanometer-sized parts, further opening 
‘up new horizons in nanotechnology. 


Canada, to New Mexico—and forms a backdrop for the newly 
‘mounted skeletons in the hall, i 
her baby from an attacking Allosaurus. “It gives you a sense of one 
dramatic day 150 million years ago,” says curator Zhe-Xi Luo. 
“Everything looks so real.” Walters and Kissinger are working on a 
second mural, of the late Cretaceous Period, for another hall that will 


luding a giant sauropod defending 
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OLD ANDTHE YOUNG. The Royal Netherlands Academy of Arts and 
Sciences (KNAW) has elected its youngest president ever. String 
theorist Robbert Dijkgraaf, 47, promises to help rejuvenate the 
199-year-old academy and turn it into a forum for debates about 
science and society. 

The leader of a high-profile group at the University of 
Amsterdam, Dijkgraaf is best known in his own country as a prolific 
newspaper columnist, op-ed writer, and TV guest who has long 
championed the cause of scientific literacy. He has also addressed the 
lack of science education in Dutch elementary schools. For instance, 


Mute 


ON CAMPUS 
TIME TO GO? Fabio Muss, Italy's research 
‘minister, wants to make room for fresh talent 
at the country’s 62 state universities. So he’s 
proposed lowering the offical retirement 
age for Italian professors from 75 to 70. 
“Going this way, we expect to save more 
money to hire young 
researchers,” says 
Mussi, who is 59, 
about reducing the 
retirement age in 
‘year increments 
cover the next 5 years 
The plan, which 
‘Mussi announced at a 
public tatk last month 
at the Genova Science 
Festival, has been ‘ 
‘greeted with cheers 
from the young and grumbling from senior 
academics. Federica Migliardo, a 32-year-old 
physicist at the University of Messina, says it's 
needed to revitalize Italian science. But 
‘Armando Bazzani, a 66-year-old physics pro- 
fessor at the University of Bologna, predicts 
“there will be great resistance” when the min- 
ister introduces his plan in Parliament. 


IN PRINT 

BITE YOUR TONGUE. Like many scholars of 
evolution, Oliver Curry is all for explaining 
the topic to a general audience. But now 
he wishes he hadn't shared his less-than- 


Got a tip for this page? E-mail Danas 
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areas, Dijkgraaf 
for 2 


to modernize the 
19th century soci 


scientific musings with a popular entertain: 
‘ment channel. 

In 2006, Curry, an evolutionary theorist 
at the London School of Economics, wrote 
an essay for the British Bravo TV network 
in which he laid out “plausible scenarios” 
for how humans might evolve over the next 
million years. Although Curry made it clear 
that the exercise was purely speculative, 
Bravo billed his ideas as serious research. 


A GIGANTIC PRESENCE. As Indonesia's 
“king of paleoanthropology,” Teuku Jacob 
ruled over a vital collection of hominid 
fossils. He was a formidable skeptic of the 
1-meter-tall “hobbit” remains from the 
Indonesian island of Flores, arguing that 
they instead represented a diseased modern 
human. On 17 October, atthe age of 76, the 
professor emeritus and former rector of 
Gadjah Mada University in Yogyakarta died 
of liver problems. 

Jacob studied fossilhominids under famed 
paleontologist G. H. R. von Koenigswald, then 
found and was curator of many important 
specimens, particularly of Homo erectus. He 


was a key figure in the Indonesian independ- 


he spent some of the Spinoza Prize mon 
Web site where students and teachers 
experiments. Besides stret 


years to study painting 
between scientists and artists. 
With his playfulness and enthusiasm, Dijkgraaf‘is the rig 
220-member KNAW, which is “still a bit like a 
y rlinde, a Dutch 
physicist at Princeton University, where Dijkgraaf did a postdoc 


ry some 


ind fun hands-on scie 


imes, 


says Herman 


That triggered a flurry of media reports 
forecasting, among other things, the 
emergence in the next millennium of a 
“coffee-colored” race. 

Last month, Curry finaly issued a state- 
ment declaring that his essay was “intended 
asa ‘science fiction’ way of ilustrating some 
aspects of evolutionary theory.” And he 
adds, “I do not endorse the content of these 
media reports.” 


ence movement, making nationalist radio broadcasts after World War II during the 
country’s 4-year fight for independence from the Dutch. “He built the field up—he was 
paleoanthropotogy in Indonesia for quite a while,” says anthropologist Russell Tuttle of 
the University of Chicago in Illinois, noting that Jacob trained Indonesians to study the 
fossils found in their country. “It was an indigenous effort.” 
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hhe won in 2003 to set up a 
thening KNAW activities in the same 
an art lover who interrupted his physics training 
hopes to encourage exchanges 
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Universe's Highest-Energy Particles 
Traced Back to Other Galaxies 


Every so often, a subatomic particle crashes 
into Earth’s atmosphere packing as much 
a large hailstone. Physicists have 
struggled for decades to determine where 
such ultrahigh-energy cosmic rays come 
from, what they consist of, and how they are 
accelerated to energies 100 million times 


particle accelerators have 
reached. Now answers may be in sight. Ultra- 
high-energy cosmic raysappear to come from 
the neighborhoods of certain nearby churning 
galaxies, physicists working with the gigantic 
Pierre Auger Observatory in western 
Argentina report on page 938, The finding 
marks a first big step toward explaining the 
mysterious particles, others say. 


“This is ofthe greatest importance,” says 
Veniamin Berezinsky, a theorist at Gran 
Sasso Natio Laboratory in Assergi, Italy. 
“Lfitis correct, it solves one part of this puz- 
ale completely.” Alan Watson, an astro- 
physicist at the University of Leeds in the 
U.K. and spokesperson for the 300-member 
Auger collaboration, says, “For myself, it’s 
deeply satisfying to have gotten to the 
beginning of the end of this whole riddle.” 


Particularly impressive. An ultrahigh. 
energy proton triggers a cascade of particles 
in this simulation of the Auger array. 
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To trace the cosmic rays, the Auger team 
employed a detector array larger than Tokyo. 
When a cosmic ray hits the atmosphere, it 

iggers an avalanche of particles tens of kilo- 
meters long called anextensive air shower. By 
sampling the shower with detectors on the 
ground, physicists can determine its direction 
and, hence, the direction of the cosmic ray. 
The shower also causes nitrogen molecules in 


the air to fluoresce, so on moonless nights, 
special telescopes can see the showers 
Because the highest energy cosmic 
at arate of less than one per sq 
per century, the Auger team has carpeted 
3000 square kilometers of Argentina's Pampa 
‘Amarilla with more than 1300 detectors and 
loyed four batteries of telescopes, 
Physicists measure the energy of the high- 
est energy rays in exa-electron volts (EeV). 
The Auger team finds that rays with energies 
higher than $7 EeV—of which they see 27. 
generally come from directions within 3° of 


That's close enough that the particles aren't 
sapped of their energy by interactions with the 


Planning and the 


hippocampus 


afterglow of the big bang, the cosmic 
‘microwave background. AGNs are thought to 
be supermassive black holes at the hearts of 
galaxies that are slurping up matter and spew- 
ing radiation. The cosmic rays do not point 
precisely to the AGNS; presumably, our 
galaxy’s magnetic field deflects them in tran- 
sit, Details of the analysis suggest that the cos- 
mic rays are protons. 

The results don’t prove AGNS are soun 
of the rays. “Anything else that’s distributed on 
the sky in the same way as AGNS could be the 
source,” Watson says. For example, 
tend to clump, so some other sort of galaxy 
might be the culprit, James Cronin, a pa 
physicist at the University of Chicago in Ili- 
nois and co-founder of the project, says the 
key point is that cosmic rays do not arrive in 
equal numbers from all directions, Such 
“anisotropy” suggests that researchers are 
finally on thetrail of the rays’ origins and gives 
scientists a new way to view the heavens, 
Cronin says: “It’s the beginning of an astron- 
omy of cosmic rays at the highest enengies” 

Others had claimed to trace the origins of 
the highest enengy rays before, In 2001, theo~ 
rists Peter Tinyakov and Igor Tkachey of the 
Russian Academy of Sciences in Moscow 
analyzed data from Japan’ Akeno Giant Air 
Shower Array (AGASA), a 100-square: 
kilometer array outside Tokyo that took data 
from 1993 to 2004, The highest energy rays 
appeared to come from objects called 
BL Lacs, galaxies with jets of matter and 
energy shooting out of them directly at Earth, 
they reported. That claim was disputed by 
researchers working with Hi-Res, twin 
batteries of fluorescence telescopes located 
in Dugway, Utah, that took data from 1997 to 
2006, Last year, Hi-Res researchers argued 
that there was no correlation in either 
AGASAS data or their own but that there was 
correlation in their data if they included 
another subtype of BL Lac. 

These claims suffered from a key weak- 
ness, says Todor Staney, a theorist at the Uni- 
versity of Delaware, Newark. The sky is full of 
possible sources, so by selecting the sources in 
just the right way, researchers can inadver- 
tently manufacture a specious correlation, he 
says. The only way to guard against that is to 
test the claimed correlation in a new data set. 
That's what the Auger team did. First, 
researchers searched data collected from 
1 January 2004 to 26 May 2006 to find a> 
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correlation; then they confirmed the correla- 
tion by analyzing data collected from 27 May 
2006 to 31 August 2007 using the same crite 
ria, “The Auger collaboration has been excel- 
lent in setting the rules and not deviating from 
them for any reason,” Stanev says, 

Still, not everyone is convinced that the 
observation will hold up as Auger collects 
more data, Even with the check against the 
second data set, the Auger team estimates that 
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there is a 1-in-1000 chance the correlation 
with AGNs is a meaningless fluke. Statisti- 
cally speaking, that makes it a “three-sigm: 

observation, says Gordon Thomson, an 
experimenter at Rutgers University in Piscat- 
away, New Jersey, and a member of the 
Hi-Res team. “There are many three-sigma 
signals that come and go,” Thomson ays. But 
he adds that Auger’s claim “is sufficiently 
interesting that a postdoc and I are looking at 


our data” fora correlation with AGNS. 
Spurred by their first big result, the Auger 
team is pushing to build a second array at 
least three times larger in the Northern Hemi- 
sphere, which would enable them to view the 
entire sky, Researchers hope to submit a pro- 
posal within a year, Cronin says. Meanwhile, 
theorists have a puzzle to solve: Exactly how 
might an AGN accelerate a proton to such 
mind-boggling energies? ADRIAN CHO 


Postdoc Survey Finds Gender Split on Family Issues 


A new survey of how young biologists view 
their prospects suggests that the main con- 
cern for women is not a hostile climate but 
insufficient time to juggle the needs of fam- 
ily and career. The study of 1300 postdocs at 
the National Institutes of Health (NIH) in 
Bethesda, Maryland, includes a call for 
more family-friendly policies at U.S 
research institutions. 
‘What these findings are telling us is that 
universities and funding institutions need to 
g tune the academic system to the needs of 
§ vomen’” sis Elisabeth Marine ead author 
and a former NIH postdoc who is now a phar 
macology instructor at the University of Texas 
Southwestern Medical Center in Dalla 
Martinez and her nine co-authors are mem- 
3 bers of the Second Task Force on the Status of 
NIH Irrameral Wornen Scien, (The fit 
issued a reportin 1992 calling for equity in pay 
i ‘and hiring practices.) The new report recom- 
H 


mends that institutions set up part-time posi- 
tions for principal investigators (Pls), offer 
‘grant supplements tohire qualified spouseson 
separate or related projects, and provide 
affordable childcare forall researchers 

NIH isone of the places where the system 
isoutof whack. The share of women among its 
‘900 tenured investigators hasbarely budged in 
the past decade, from 18% to 19%, and the 
figure for tenure-track positions has remained 
at 29%, (By comparison, women received 
more than 40% of the Ph.Ds in the life sci- 
‘ences awarded in the United States during the 
same time frame.) 

The survey found that more than 70% of 
3 the men have their sights set on a PI position 
§ compared with only 50% of the women. (The 
5 results were published in the 29 October issue 
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of EMBO Reports.) Men were also more con- 
fident—by a margin of 59% to 40% —that 
they would become Pls, One apparent reason 
for the gender discrepancy is that women 
appear more willing to make career sacrifices 
for the sake of their families (see graph). For 


Percentage who want to be a Pl 


Married, Married, 
childless with children 


Single 


‘Tough choice. Family responsibilities seem to affect career goals 
‘of women on the academic track more than those of men. 


example, 57% of female postdocs who were 
married but without children said that having 
children would influence their career choices 
compared with only 29% of married men 
without children. Similarly, 31% of married 
‘women expressed a willingness to make con- 
cessions to accommodate their spouses’ 
careers versus 21% of the men. 

At the same time, male and female post- 
docs said that they felt equally comfortable 
in their working environments. “Overt dis- 
crimination does not seem to be the issue.” 
says Martinez. Three other surveys still 
being analyzed by the task force—of tenure- 
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track and tenured investigators, staff scien- 
tists, and tenure-track researchers who had 
left NIH before getting tenure—say the 
same thing, reports Joan Schwartz, assist 
director for intramural research at NIL 
head of the task force 
Biologist Sue Rosser of Geor- 
gia Institute of Technology in 
Atlanta agrees that family 
friendly policies are key. But she 
aarns against underestimating 
how gender discrimination affects, 
‘women, especially at higher rungs, 
of the academic ladder. “It gets, 
complicated pretty quickly,” she 
says, adding that many female 
faculty members face isolation 
and dismissive attitudes through- 
out their careers. 
ywartz says NIH is already 
addressing some of the task 
force's recommendations, For 
example, NIH used to allow only 
tenured investigators to have 
staff scientists. Now, tenure- 
track researchers can request the same sup- 
port if they need to work parttime for short 
stints to take care of a child or a family 
member. NIH also encourages researchers 
to telecommute if possible, she adds 
But providing affordable childcare is 
anothermatter: More than 1000 people areon a 
‘waiting list for 350 slots available on and off 
campus, says Schwartz, and employees receive 
preference. That makes it tough on postdocs, 
‘whoare technically trainees." Building another 
daycare center on campus is a priority.” she 
says, “but there’sno money at the moment.” 
~YUDHINIT BHATTACHARIEE 
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Spying On New Neurons 


In the Human Brain 


The realization more than a decade ago that 
the mammalian brain produces new neurons 
‘well into adulthood was a revolution in neu- 
robiology. It also raised a slew of questions 
about the function of these new cells. In 
recent years, for example, scientists have 
debated whether newborn neurons aid learn- 
ing and memory and whether 
aberrations in adult neurogenesis 
contribute to disorders such 
as depression (Science, 17 Feb- 
ruary 2006, p. 938; 8 August 
2003, p. 757), 

Now, researchers may have a 
powerfull new tool to help tackle 
these questions: a noninvasive 
method for detecting neural stem 
cells in live animals— including 


humans, On page 980, a multi- 
disciplinary team led by child 


neurologist Mirjana Maleti 
Savatic of Stony Brook Univer- 
sity in New York state describes 
the technique, which uses mag- 
netic resonance spectroscopy 
to detect a biomarker for the 
progenitor cells that give rise to 
new neurons 

Other researchers are greeting 
the work with excitement, tem- 
pered with a healthy dose of 
tion. “This has the potential to open 
the doors to research that could not 
have been done in humans before,” 
says Walter Koroshetz, deputy 
director of the National Institute of 
Neurological Disorders and Stroke in 
Bethesda, Maryland. “If its validated, it's the 
‘coolest thing since sliced bread” says neurobi- 
ologist Theo Palmer of Stanford University in 
Palo Alto, California, 

Maletic-Savatic and her colleagues began 
their search for a biomarker in a series of 
experiments with cultured mouse cells, 
using nuclear magnetic resonance (NMR) 
spectroscopy to compare the chemical 
makeup of neural progenitor cells from 
embryonic brain tissue with that of other 
types of cells, including mature neurons and 
glial cells. The NMR spectra of the neural 
progenitor cells had a prominent peak that 
hi 


‘was not present in the other cells, indicating 

igh levels of a compound specific to neural 
progenitors. The identity of this compound 
isn’t known, but its position on the NMR 
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spectra, at 1.28 parts per million (ppm: the 
conventional unit in NMR spectroscopy), 
suggests that it's fatty acid, a class of com- 
pounds that play a wide variety of roles 
inside cells, Maletic-Savatic s 
Encouraged by their mouse-tissue expe 
iments, the researchers next looked for the 


Peak excitement. Anew method reveals a biomarker of 
‘neurogenesis (green) in the human hippocampus (box) 


1.28-ppm biomarker in live rats. For this 
work, they turned to magnetic resonance 
spectroscopy, a method that works on the 
same principles as NMR but can be used 
with the scanners found in many hospitals 
and research centers. At first, the spectra 
from the live rat experiments were mess; 
and the peak at 1.28 ppm wasa tiny blip ina 
sea of squiggles. But with the help of Stony 
Brook University engineer Petar Djuri¢, the 
researchers developed a mathematical algo- 
rithm that separated the 1.28-ppm peak 
from the noise. Using this approach, the 
researchers found relatively high levels of 
the 1.28-ppm biomarker in the hippocampus 
of adult rats, where previous studies have 
found neurogenesis, compared to the cere- 
bral cortex, where neurogenesis has not 
been confirmed. Moreover, when the » 
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Panel's Move Has Flamingo 
Fans Tickled Pink 


An international effort to protect Tanzania's 
Lake Natron, the only known breeding site for, 
East Africa's lesser flamingos, got a boost last 
week when 3 technical advisory panel recom- 
mended rejection ofthe environmentatimpact 
plan submitted by a company that wants to 
build soda-ash extraction plant there. 

“We suggested that they go back to the 
drawing board, says Lota Melamari of the 
Wildlife Conservation Society of Tanzania and 
a member of the panel, which includes repre- 
sentatives of conservation groups and the 
national parks, He said the panel’s findings 
are expected to be endorsed by Tanzania's 
National Environment Management Council 
in its report to the environment minister, who 
will make the final decision on the studies the 
developer will be required to do, 

The company, Lake Natron Resources, had 
requested permission to construct large plant 
atthe alkaline Lake, which has been the only 
‘known breeding ground for East Africa's 
1,5 million to 2.5 million lesser flamingos 
for 45 years (Science, 22 September 2006, 

. 1724), The advisory panel found that the 
plan lacked several essential detail, and mem- 
bers questioned whether its proposed mitiga- 
tion strategies would protect the flamingo 
breeding area. The company contends that the 
extraction plant would not hurt or drive away 
the birds. ROBERT KOENIG 


Judge Blocks Patent Rules 


AUSS. federal judge has temporarily blocked 
‘new patent rules finalized by the U.S. Patent 
and Trademark Office that would limit certain 
patent applications. The rules, originally set to 
take effect last week, would have limited filed 
amendments that allow applicants to add 
information to pending applications. Last 
week, the Virginia district judge ruled in favor 
of drug giant GlaxoSmithkline, saying that the 
limits would have “retroactively alterfed] the 
bargain’ that inventors such as GSK make in 
trading research secrets for a patent monopoly 
and “provideld] a disincentive to their filing of 
‘new patent applications for researching new 
pharmaceutical products.” The rules wil stay 
off the books for now. A judge wil likely hear 
the case early next year. 

Meanwhile, the Senate is set to debate a 
patent-reform bill that would create a new 
system for challenging granted patents and 
set certain limits on legal damages in patent 
suits. A similar version passed in the House 
in September. ~ELIKINTISCH 
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researchers administered electroconvulsive 
shock, which increases hippocampal neuroge- 
nesis, levels of the biomarker increased as well. 

Finally, the team applied the method to 
11 healthy human volunteers who sat for a 
45-minute scanning procedure. As pre- 
jicted, the spectra revealed higher levels of 
the biomarker in the hippocampus than in 
the cortex. In addition, levels of the bio- 
marker were considerably higher in the 
youngest subjects (ages 8 to 10) compared 
With the oldest (ages 30 to 35), consistent 
with previous animal studies indicating 
declining neurogenesis with age, 

“Only time will tell how strong this method 
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is, [but] it looks very promising,” says Gerd 
Kempermann, aneuroscientist at the Center for 
Regenerative Therapies in Dresden, Germany. 
“The 1.28-ppm peak really seems to represent 
something related to progenitor cells” A cru- 
cial next step, Kempermann and others say, will 
be to figure out exactly what the biomarker is 
and whether it tracks the overall number of 
progenitor cells or just those that are in the 
process of proliferating—an important dis- 
tinction for interpreting experimental findings. 

Inaddition, some researchers are wary that 
the unconventional algorithm used to pull out 
the 1.28-ppm peak from the noisy magnetic 
resonance spectra could yield artifacts by 


amplifying noise instead. But if the new 
method does hold up to additional scrutiny, 
there's no shortage of ideas about how to use 
it. Maletic-Savatic hopes to investigate 
‘whether neural progenitor cells behave abnor- 
mally in disonders of brain development such 
as cerebral palsy and mental retardation. 
Palmer says that the new method could help 
explain the cognitive decline some children 
experience after receiving radiation therapy 
for cancer: A valid biomarker could test the 
hypothesis that the impairments result from 
radiation damage to neural progenitor cells 
and potentially help evaluate drugs intended 
to protect progenitorcells,  ~GREG MILLER 


Hippocampal Cells Help Rats Think Ahead 


‘One view of the hippocampus, based on 
‘human brain-imaging studies and other data, 
is that itis essential for remembering the past, 
as well as for imagining the future (Science, 
19 January, p.312). The relatively new idea that 
this part of the brain helps plan the Future gets 
support from a paper in the 7 November issue 
of The Journal of Neuroscience by A. David 
Redishand Adam Johnson of the University of 
Minnesota, Minneapolis. With electrodes 
implanted into the brains of rats, they've cap~ 
tured, on the scale of single neurons, rodents 
thinking ahead about their routes in a maze. 

1 think the paper's elegant, and it’s 
going to be a classic,” says Randy Buckner 
of Harvard University. “They really show a 
compelling example of the rats represent- 
ing in their brains a series of possible 
futures and using that to test what they're 
going to do next.” 

In the 1930s, Edward Tolman looked at 
decision-making by using the T-maze, in 
‘which a rodent comes to a “choice point” and 
must decide whether it’ better to take the left 
or right branch in pursuit of a food reward. “If 
you look at Tolman’ [research], and you think 
About how that kind of a paradigm might be 
done in neural terms, you come to the conclu- 
sion that the rats probably have a neural mech- 
‘anism to preplay what might happen next,” 
says Buckner, who proposed that idea in 2006 
‘with his Harvard colleague Daniel Carroll. 

Redish and Johnson were already search- 
ing for such a decision-making mechanism by 
putting electrode “hats” on rats. These arrays 
of electrodes implanted into the brains of rats 
can detect the firing of 100 or so individual 
neurons, The rats can move freely and natu- 
rally while researchers record their brain activ- 
ity. In the new work, Redish and Johnson 
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placed rats with such hats into a modified 
‘T-maze and were able to observe cells in the 
CA3 area of the hippocampus as the rats 
walked through the maze. Asthe animals scur- 
ried, so-called place cells, neurons that fire in 
response to position, signaled where in the 
maze the rats were. 

‘Such observations have been standard in 
the hippocampal literature for 30 years. But 
the data have often been confounded by addi- 
tional firing, which has been dismissed as 
noise. The problem is that neuronal firing 
data, or spiking, are often averaged together, 
which blurs temporal resolution, explains 


Imagine that. As a rat looks in one direction, 
‘neurons representing that position (inset fire over, 
a hatf-second period. 


Emery Brown of Harvard and the Massachu- 
setts Institute of Technology. In the computa 
tional equivalent of putting another lens on a 
high-powered microscope, Brown and his 
colleague Loren Frank, who is now at the 
University of California, San Francisco, cre- 
ated an algorithm in 1998 that allowed spike 
ensembles to be seen at the millisecond time 
scale at which neuronal firing actually 
occurs. “If you can do the analysis at the res- 
olution at which the spikes come in,” says 
Brown, “you can move on to other, more 
important scientific questions.” 

In their new study, Johnson and Redish 
tweaked the algorithm and used it to reveal 
that the apparent noise in place-cell firings 
‘was actually signal. The additional neuronal 
firing corresponds to place cells representing 
the paths forward of where the rat is standing. 
The firing proceeds in a sequence lasting a 
few hundred milliseconds. At a choice point, 
‘when the rat pauses and looks left, place cells 
fire that correspond to the left path even 
though these cells were thought to respond 
only when an animal was actually at a particu- 
lar place. When the rat looks right, place cells 
corresponding to the right path go off, again as 
though the rat were imagining walking the 
route. Cognition is faster than behavior, 
explains Redish: “We can now see, as Adam 
put it, the rat thinking faster than it walks.” 

If rats can visualize their routes, the next 
research questionis, how do they decide which 
path to choose? There are reward pathways 
within the brains of rats and humans, says 
Buckner, who predicts that studies will link 
those pathways with the rats’ decision-making 
‘areas. Cheese, anyone? “KAREN HEYMAN. 


Karen Heyman isa freelance writer in Santa Monica, 
Glifornia, 
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TUBERCULOSIS 


‘On alert. Nurses in a pegiatrie 
TB ward in South Africa, here 


drug resistangeas high. 


Few Mutations Divide Some 
Drug-Resistant TB Strains 


The first genome analysis of an extensively 
drug-resistant tuberculosis (XDR-TB) strain 
has found that only a small number of muta- 
tions distinguish it from a less drug-resistant 
strain and a drug-sensitive one, That means 
at clarifying the molecular basis of 
TB drug resistance might not be as difficult 
‘as some had expected, say the researchers 
from the Broad Institute and Harvard School 
of Public Health (HSPH). Other scientists, 
although welcoming the new data, say itis too 
soon to tel. 

The analysis, to be posted this week on the 
Broad Institute's Web site, offers initial results 
of an ambitious international project that will 
eventually compare the complete genomes of 
several dozen TB strains from around the 
globe. A major goal is to generate enough 
molecular data to speed the development of 
better diagnostic techniques and therapies for 
multidrug-resistant (MDR) TB, which causes 
an estimated 450,000 new infections a year 

Detected only a few years ago, XDR-TB is 
even more challenging to treat because it is 
resistant to second-line as well as first-line 
drugs. The World Health Organization 
(WHO) in Geneva, Switzerland, estimates that 
XDR-TB infects about 27,000 people world- 
wide, but that number is uncertain because 
diagnosis is difficult and most cases go unre- 
ported. The TB isolate sequenced at Broad 
‘came from the langestreported XDR outbreak 
in the town of Tugela Ferry in South Affic: 
KwaZulu-Natal province in 2005-2006. That 
outbreak killed 52 of the 53 persons itinfected, 
§ all of whom were also infected with HIV. 
3 Since then, another 450 cases of MDR-TB 

have been reported in Tugela Ferry, and more 
5 than half are XDR cases. 
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Scientists at Broad and Harvard scruti- 
nized draft genomes covering about 95% of 
that one XDR-TB isolateand two other strains 
from KwaZulu-Natal, They found that only 
33 single-nucleotide polymorphisms (SNPS) 
separated the XDR strain from a drug- 
sensitive strain, and 29 SNPs distinguished 
the drug-sensitive strain from an MDR one. 
They also identified a small number of other 
mutations, including genome insertions and 
deletions. Several mutations were previously 
known to be associated with drug resistance. 

“We were surprised and delighted to find 
so few differences,” says project leader Megan 
Murray of HSPH. “This simplifies the task of 
investigating those mutations to determine 
which are related to drug resistance.” 
tists also want to identify so-called compensa- 
tory mutations that enable TB bacteria to 
thrive despite drug-resistance mutations that 
might otherwise weaken them. 

Sebastien Gagneux, who studies TB 
‘genomic diversity at the National Institute for 
Medical Research in London, told Science 
that sequencing the KwaZulu-Natal strains 
\was important but that much more SNP data 
from a global collection of TB strains is 
needed to understand the molecular basis of 
drug resistance. 

Clinical advances may take longer. Paul 
Nunn, who coordinates the drug-resistant TB 
team at WHO, cautions that improved diag- 
nostic tools based on new sequence data “are 
probably a few years off.” whereas developing 
anew generation of drugs would take longer. 

‘The Broad-Harvard study comes a month 
after a South African group announced the 
first sequence of the full genome of an 
XDR-TB strain. But the South African data > 


Bee Virus Endemic 


‘Anew genetic analysis, to be published next 
‘month in the American Bee Journal, suggests 
that the virus linked to the collapse of honeybee 
colonies did not arrive in the United States via 
recently imported Australian bees. n Septem- 
ber, a team of researchers reported online in 
Science that collapsed hives, which have 
affected as many as 25% of US. beekeepers, 
were much more likely than healthy hives to be 
infected with israeli acute paralysis virus. They 
did not find the virus in bees collected before 
Australian bee imports began in 2005, and so 
suspicion fell on the Australian bees. But the 
team behind the new analysis found the virus in 
preserved bees dating back to 2002. “It seems to 
{et the Australians off the hook,” says entomolo- 
gist Nicholas Calderone of Cornell University 
ERIK STOKSTAD 


Oil Crunch Forecasted 


The International Energy Agency (IEA) is 
ratcheting up its concern about peaking world 
oil supplies that could trigger price hikes. In 
its annual energy outlook released this week, 
the agency warns that it cannot rule out a 
“supply-side crunch” in world oil markets by 
2015 as flagging oil production struggles to 
‘keep up with soaring demand. Major agencies 
such as IEA have usually assumed that Middle 
East oll producers would make up the shortfall 
between sagging global production and rising 
demand, says Boston University economist 
Robert Kaufmann. Now IEA projects even 
faster demand growth than it did last year, 
“We're really atthe knife edge” between 
demand for oil and the world's ability to pro- 
duce it, says Kaufmann, RICHARD A. KERR. 


Argo Ahoy 

Scientists this month have fully deployed 
3000 oceanographic floats around the world, 
‘completing work on an 8-year-old network 
designed to monitor the world’s seas. Data from 
the floats have already helped scientists detect 
changes in the stratification of waters that afect 
major food webs and interpret the influence of 
global winds on climate. Climate-forecasting 
centers around the world also use Argo data, 
ands the data sets expand, climate predictions 
should become more accurate, says Dean 
Roemmich of Scripps Institution of Oceanogra- 
py in San Diego, California, who co-chairs the 
steering committee. “This wil be key to proving 
tothe contributing countries that ths effort 
deserves a sustained commitment,” he says. 
Argo's $20-million-a-year budget comes from 
23 countries. NOREEN PARKS 
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have not yet been fillly assembled or posted on 
a public Web site. The TB research lab of 
A. Willem Sturm of the University of KwaZulu- 
Natal in Durban provided the XDR isolates to 
both teams, The Harvard group’s main South 
African collaborators, Tommie Victor and Rob 
Warren of the Centre of Excellence for Bio- 
medical TB Research at the University of Stel- 
lenbosch in South Africa, are providing other 
strains forthe wider Broad analysis. 

‘The Broad team used two sequencing 
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technologies, says institute director Eric 
Lander. The data were generated using 
Solexa sequencers—a new, massively par- 
allel technology—and also crosschecked 
on more traditional sequencers, The South 
African team used a rival new sequencing 
technology, the Roche GS-FLX. Says Lander: 
“As the speed and efficiency of microbial 
sequencing skyrockets, it should be possi- 
ble to extract enormous amounts of infor- 
mation about population variation in TB 


and other infectious organism: 
‘As part of the wider project, HSPH and 
Broad Institute scientists, sequencing iso- 
lates provided by international labs, are ana- 
lyzing dozens of “evolved” TB strains that 
include several XDR and MDR isolates from 
the same persons or communities. Says 
Murray: “At the end of the day, we will havea 
comprehensive list of polymorphisms ass 
ated with the acquisition of drug resistance. 
“ROBERT KOENIG 


Max Planck's Asian Venture Rethinks Its Agenda 


SHANGHAI—A ter an auspicious start, a 
‘unique joint venture of the science academies 
of China and Germany is undergoing a tough 
‘outside review that could lead to significant 
changes. The Partner Institute for Computa- 
tional Biology (PICB), founded 2 years ago 
bby the Chinese Academy of Sciences (CAS) 
and the Max Planck Society (MPG), has won 
praise for its scientific activities, But review- 
ers and others are concerned that manage~ 
ment troubles are preventing PICB from real- 
izing its full potential 

Ata closed session on 23 October, PICB's 
outside scientific advisory board chewed over 
‘a range of options, including recommending 
‘greater autonomy for the institute 
and closing it down atter its 5-year 
contract runs outin 2010, accord 
ing to sources involved in the dis- 
cussions. The board is now draft- 
ing recommendations that will be 
presented next month to CAS, 
President Lu Yongxiang and MPG 
President Peter Gruss, who 
together will decide PICB's fate 
Lu, in a meeting with a senior 
MPG official last week, “empha- 
sized that closing PICB is not an 
ption,” says CAS program offi- 
er Fang Qiang. 

The two science powerhouses 
have been exchanging students 
and faculty members since the late 
1970s. PICB is their most ambi- 
tious endeavor yet, and observers say that the 
institute and its managing director, mathe- 
‘matician Andreas Dress, are making a mark. 
Dress has demonstrated “a lot of personal 
dedication and energy.” says Jiirgen Jost, 
director of the Max Planck Institute for Math- 
cematics in the Sciences in Leipzig, Germany. 

But PICB’s complex management struc- 
‘ure has caused problems from the beginning. 
“Neither MPG nor CAS were under the naive 
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impression that an undertaking like a partner 
institute will develop straight, smoothly, and 
without frictions,” says an MPG official. Or 
‘as Fang says, “It’s like a German baby grow- 
ing up in a Chinese world.” 

Much of the angst is over who should con- 
trol PICB's purse strings. The institute has a 
€1.5 million (S2.2 million) budget, two- 
thirds of which is supplied by CAS. Spending 
decisions must be approved by CAS Shang- 
hai Institutes for Biological Sciences (SIBS), 
which oversees PICB. SIBS and other institu- 
tions with a hand in PICB sometimes do not 
see eye to eye on priorities. One recent exam- 
ple is Dress's aim to establish a research cen- 


Joint chiefs. Mathematician Andreas Dress (lef and geneticist in Ui 
were tapped to lead the Partner Institut for Computational Bilogy in 
‘Shanghai its now seeking a third director. 


ter on the toponome, the spatial arrangement 
underlying the functional organization of pro- 
teins and protein networks in cells. Dress says 
he struggled for months to win approval for 
the center from Germany's science ministry 
in carly 2006. Since then, PICB has been 
waiting for SIBS, CAS, and MPG to reach an 
agreement to release the funds. 

One of PICB's biggest challenges, CAS, 
and MPG officials concur, has been finding 


leaders. By tradition, Max Planck institutes 
have several directors. When MPG and CAS 
advertised the directorship posts in 2004, 
Dress, who had retired in 2003 from Biclefeld 
University in Germany, was invited to apply. 
He was appointed head of the combinatorics 
and geometry department. Meanwhile, a 
‘Sino-German search committee interviewed 
adozen Chinese candidates but offered the 
jobto none. 

Former CAS vice president Chen Zhu, 
now China's health minister, then recruited 
geneticist Jin Li, and MPG approved him as 
the second director. Jin, now vice president of 
Fudan University in Shanghai, logs only 
about a week of cach month at the institute. 
But his contributions are substantial, says 
Dress: “He's an excellent scientist and values 
the instinite"” Candidates for a third director- 
ship and for Dress's job after he retires 
possibly after his 3-year contract is up next 
‘year—were vetted in Shanghai last month, 

Management issues aside, “scientifically, 
the institute has done quite a good job,” says 
Fang, PICB's scholarship has drawn praise. 
Highlights include a new computer method 
for mapping protein networks in cells that 
was published in Nature Biotechnology in 
October 2006 and a conference dedicated 
to the 400th anniversary of the Chinese 
translation of Euclid’s Elements (Science: 
2 November, p. 733). 

‘Noting suchachievements, MPG and CAS. 
officials at last month's meeting forcefully 
amgued against dissolving the institute, sources 
say. “We are willing to try new things,” says 
Fang, who notes that Lu last week floated the 
idea of encouraging PICB to expand the num- 
ber of junior scientist groups (it currently has 
two) in order to cultivate future leaders. A 
trickier issue for Lu and Gruss is whether, and 
how, a precocious young institute with two 
masters can be granted more freedom to run 
its own affairs. RICHARD STONE 
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Fruit Fly Blitz Shows the Power of Comparative Genomics 


To the uninitiated, one fruit fly is like any 
‘other—all equally pesky and deserving a 
good swat. But in reality, these insects are 
quite diverse, with species that differ from 
each other, genetically speaking, more than a 
platypus differs from a primate. A consor- 
tium of about 250 researchers harnessed thi 
diversity and in a blast of reports this week 
demonstrated the analytical power of com- 
parative genomics, 

The group has sequenced 10 genomes 
from different fruit fly species; combining 
these with existing DNA data, they have 

.; done a 12-way comparison to track the evo- 
# lution of genes, regulatory regions, entire 
i pathways, and cellular processes. Having 


these patterns in hand makes it easier 
5 to spot similar features in the genomes 
¥ of other species, including humans, 
g researchers report in more than 40 research 
3 papers in the 8 November issue of Nature 
® and in other journals, 

“This work has really increased 
the sophistication of what we can 
5 learn from comparative sequence 
5 analysis,” says genomicist Elliott 
2 11, Margulies of the National 

Human Genome Research Insti- 
tute (NHGRI) in Bethesda, 
Maryland. As project co-leader 
Michael Eisen of Lawrence 
5 Berkeley National Laboratory in 
© California points out, the compar- 
: ison “allows you to map where [genetic] 
changes occur along the tree, and that 
A allows you to study the process of evolu- 
3 tion, not just the product” 
3 Drosophila melanogaster, the lab stan- 
dard, has powered genetics studies for almost 
a century. In 2000, its genome became the 
§ second animal genome sequenced, but partly 
because it was one-of-a-kind, it was hard to 
decipher, Subsequent comparisons between 


the human and mouse genomes and, in 2003, 

between the genomes of four yeast species 
£ drove home the value of comparative 
© genomics. Immediately, Drosophila enthusi- 
3 asts appealed to NHGRI to support an even 
larger multispecies comparison in fruit flies. 

NHGRI approved a plan to look at 
12 Drosophila species that diverged between 
half-million and 60 million years ago. Each 
has its own lifestyle and geographic distribu- 
E tion—and each has a distinct evolutionary 
8 relatedness to D. melanogaster. The genomes 
H proved quite varied, ranging in size from 

130 million to 364 million bases, with 


www.sciencemag.org 


13,683 to 17,325 genes. The amount of DNA. 
taken up by transposable elements, or 
repeated regions of DNA, varied by an 
order of magnitude, the consortium 
reports in the 8 November issue of Nature. 
From this material, the researchers 
picced together evolutionary stories. Prob- 
ing a biological pathway as it changes from 
cone species to the next “lets you see where 
there's evolutionary pressure driving the 
change,” says Andrew Clark of Comell Uni- 
versity. His group looked at the impact of 
pathogens. They examined the repertoire of 
genes involved in recognizing microbes, 
signaling an invader's presence, 
and producing toxins to thwart 
attacks 245 genes in 
D. melanogaster alone and 
1200 across the 12 species, 


Fruit flies galore. By sequencing Drosophila species of varying degrees of related 
‘ess, Genomiciss have learned much more about genome structure and evolution. 


In many fruit fly species, some families 
of genes that code for antimicrobial peptides 
have been expanded, Clark and other 
researchers found. The expansion makes 
sense, as a fly with multiple copies of the 
right genes can produce more toxin and 
mount a stronger defense, Clark explains. 
Although the group didn’t find quite as 
many duplicated pathogen-recognition 
genes, these were the fastest evolving, 
reflecting the need for ever-changing 
defenses as microbes constantly come up 
ith ways to evade detection, Clark and col- 
leagues reported online 8 November in 
Nature Genetics. 

The evolutionary analyses yielded sur- 
prises as well. For example, Clark's team 
found that a new gene called drasomycin, 
which codes for an antifungal compound, 
appears only in D. melanogaster and its close 
relatives. There are no clues, however, as to 
how this gene came to be. Another surprise 
came from the species D. willistoni: It doesn't 
seem to have genes to make proteins contain- 


ing selenium—proteins that researchers had 
thought were common to all animals. 

is of the Broad Institute in 
ichusetts, led an ass 
‘ment of how each type of gene or regulatory 
region changed—or didn’t change—from 
‘one species to the next, revealing specific 
evolutionary patterns, or signatures, Kellis 
and others have incorporated those telltale 
patterns into software to look for the same 
patterns in other species to pinpoint each 
type of DNA. “This allows us to assign 
function” to some regions “through compu- 
tation alone,” says Margulies. 

Based on common pattern of 
insertions, deletions, base usage, 
and substitutions, Kellis and his 
colleagues detected 192 undis- 
covered protein-coding genes as 
well as 150 that do not follow 
standard rules. Typically, protei 
coding genes have a “stop’ 
sequence that signals the end 
of the gene. But in these 150 cases, 
protein-coding sequences extended 
beyond the “stop.” “It's always a 
little humbling that the assump- 
tions we are taught in school do 
not apply across all genes,” says 
Ewan Birney of the EMBL 
European Bioinformatics Insti- 
tute in Hinxton, UK. 

With these new tools, which 
are particularly useful for recognizing 
regulatory DNA, Kellis and his col- 
leagues have pieced together a fruit fly 
gene regulatory network that incorporates 
81 microRNAs and 67 transcription factors. 
“The methodology and principles are 
absolutely general, and they are applicable 
to any genome,” says Kellis. Others say 
that the model still needs refining to recon- 
cile it with experimental results, But 
geneticist Rama Singh of McMaster Uni- 
versity in Hamilton, Canada, is quite 
pleased with this beginning. Because many 
fruit fly and human genes are equivalent, 
the network “is going to tell us a lot about 
humans,” he predicts. 

The analysis bodes well for the utility of 
bird, marsupial, and reptile sequences in ana- 
lyzing the human genome. It also argues for 
sequencing and comparing all the primates, 
says Birney: “The take-home message 
that there are a lot of clear wins from doing 
this sort of evolutionary genomics.” 

~EUZABETH PENNISI 
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Seeking Nature's 
Inner Compass 


Michael Walker has navigated cultures and courted controversy 
in his questto prove that life forms possess a single organ for 
perceiving magnetic fields—a sensor based on magnetite 


AUCKLAND, NEW ZEALAND—Michael 
Walker slips off his shoes and enters an 
enormous Maori ceremonial room, the 
University of Auckland’s Tinenuiara 
Hall. Pi 
the biologist explains the significan 
each of dozens of painted wooden carvings 
on the walls and pillars. “This is Turi.” he 
says, pointing out a highly stylized 
humanoid witha green bird on its shoulder. 


ding across long wooden planks, 
of 
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“He was the skipper of a canoe which 
sailed to New Zealand from the Cook 
Islands.” For that unrivaled feat, Turi 
gained a place among the gods. 

The colonization of New Zealand 
about 1000 years ago, the last of the great 
Polynesian migrations, is a marvel of nav- 
igation. The first Maori visitors traversed 
thousands of kilometers of ocean with 


nothing but the sun and stars to guide 


Navigator. Biologist Michael Walker stands in front 
of a carving of Turi, a legendary Maori canoe pilot. 


them. How did those pioneers manage to 
get here? 

Indeed, how does any creature find its 
way across featureless expanses such as the 
Pacific Ocean? The question fascinates 
Walker and has come to define his career. 
‘Competing theories have been proposed to 
explain the uncanny orienteering of animals 
as diverse as birds, bees, and fish. A decade 
ago, Walker's team galvanized the field with 
the discovery of an organ that may function 
as an internal compass: a string of magnetic 
crystals in the nose of trout (Seience, 5 Feb- 
ruary 1999, p. 775). “Walker is definitely a 
pioneer,” says biophysicist Thorsten Ritz of 
the University of California, Irvine. Now 


Walker believes he is on the verge of clinch- 
ing the case that magnetite is the universal 
animal compass that scientists have been 
seeking for a century, But the belief makes 
Walker a maverick: Most others in the field 
are convinced that animals have more than 
‘one navigation on 


Abybrid mind 
Walker had to chart his own path to sci 
tific success, His mother is of European 
stry, his father a famous Maori leader, 
“and I kept those halves of my life separate 
and parallel," he says, There was the Walker 
who donned shirt and tic and keenly 
devoured his physics textbooks. And there 
was the Walker whose Maori grandmother 
taught him mythology and the lunar system 
for planting and fishing, The result, he says, 
was “a hybrid mind.” 

It wasn’t until after a Pacific odyssey of 
his own—a Ph.D, at the University of 
i followed by 5 years of postdoctoral 

that “the halves 
Walker says, The 
toring of 
Maori science students after returning to 
his alma mater, the University of Auckland, 


ani 


Haw: 
research in California 


finally came togethe' 
fusion was triggered by his mi 


in 1990, Many of his students struggle with 
Walker, 53, is now 
helping them embrace both cultures (see 
sidebar on p. 907), 


cultural dissonance 


Having a hybrid mind can at times pro- 
duce “discomfort in your own skin,” says 
Walker, but it has advantages. “It h 


helped me to be aware that there’s always 
more than one way to do things,” he says 
For instance, he points out that New 
Zealand’: first European visitor, the 18th 
century English explorer James Cook, 
crossed the ocean with the help of a m: 
netic compass, tracking his ship’s position 
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‘ona two-dimensional grid. Along the way, 
Cook met Maori navigators who could 
island-hop more reliably using polar coor- 
dinates based on star-zenith positions and 
known distances between islands. Walker 
has sailed the Pacific using both systems. 
He has put that experience to use in his 
research on biological navigation. “Animals. 
are similar in that they use different strate- 
ies on different scales of time and space, 
he says. A bird winging its way back to its 
nest uses visual cues, from the position of 
the sun to the lay of the land. But the same 
bird at sea will die without more guidance. 
‘The sun indicates a heading, but over a long. 
haul even the slightest eross-breeze will 
cause vast displacements. How does the 
bird know it has been blown off course? 


The sixth sense 

In the 1860s, Russian zoologist Alexander 
von Middendorff first noticed that some 
birds migrate along fixed paths, later recog- 
nized as Earth's magnetic field lines. But it 
took another century before behavioral 
biologists demonstrated that animals can 
detect magnetic fields. Sure enough, attach- 
ing a magnet to a pigeon’s beak interferes 
with its return to the roost. For a snack 
reward, fish can be trained to 
respond to magnetic fields. And 

a lobster transplanted from sea 

bottom to an aquarium orients 

itself toward home like a compass 

with claws 


says Ritz, Not only is Earth's magnetic 
field faint—hundreds of times weaker than 
that of a child’s bar magnet—but for an 
animal to track its position using field 
variations, it must detect changes as small 
as 1% of that signal. 

Several possible mechanisms emerged 
in the 1970s. One bona fide contender is a 
biological compass made of magnetite 
Also known as lodestone, magnetite is the 
most magnetic form of iron oxide and 
occurs naturally in rocks. Living cells can 
make their own tiny magnetite crystals. 
Some mud-loving bacteria make mag- 
netite for orientation, and similar erystals 
have been found in a multitude of higher 
organisms. Magnetite may serve other 
functions, such as locking up excess iron, 
says Kenneth Lohmann of the University 
of North Carolina, Chapel Hill, who's an 
expert on turtle migration, “But it’s very 


= 


‘ %. 
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says. Working their way through the head in 
thin, frozen slices under a magnetic force 
microscope—a geologist’s tool—the 
researchers found a group of cells in the 
nose laden with strings of magnetite crys- 
tals, Crucially, the cells are wired to the 
brain via a nerve sensitive to magnetic 
fields. “This is really the first truly new 
type of sensory cell to be discovered in a 
Jong while,” says Kirschvink, who was not 
an author of the Nature papers. “If there is 
ever a Nobel Prize for magnetic field per 
ception, Walker's name will be on it.” 


And a seventh? 

Others are not convinced that this is the full 
story. An alternative mechanism for magne- 
toreception, known as the radical-pair 
model, has gained a strong following over 


the past decade. The idea is that besides 
using magnetite to detect the push and pull 


a 


of Earth’s magnetic field, ani- 
mals also keep track of it with a 
chemical reaction, 

It was only theoretical un 
1998, when a candidate magne: 
toreceptor called cryptochrome 
‘was discovered in the eyes of ani- 
mals as diverse as fruit flies and 
mice, When light strikes this pro- 
tein, it produces two possible 
intermediate states differing in 
the configuration ofa single elec 
tron. Their ratio depends on the 
orientation of eryptochrome 


and hence, the orientation of the 
organism—relative to the ambi- 
ent magnetic field. Because 
eryptochrome is in the retina, 


In principle, Earth's magnetic 
field provides enough information 
for an animal to cross an ocean, by 


Extra senses. Walker's team found magnetite 
caystals (above) in the nose of fish; other 
researchers believe that cryptochrome 
(model on left) can function as an alternative 


From most places on the planet's 
surface, the magnetic field points 
north, so knowing which direction you are 
facing is the easy part. Changes in a field's 
intensity or angle, which generally grow 
stronger and steeper toward the poles, 
reveal latitude, 
Gauging longitude is trickier. One 
& approach is to note the sun's position as it 
2 rises and sets, Because Earth spins on an 
g axis off klter from its magnetic axis, the 
sun's intersection with the horizon changes 
§ systematically the farther east or west you 
f te ituniewn minis Kercien mech 
of north-south magnetic ridges on the ocean 
floor 


i 
fin ot wing, without going astray 
g 
i 
B 
8 


$ created by the spreading crust and 
the periodic reversal of Earth’s magnetic 
i poles—that can be memorized. 

2 Buta long-standing riddle is whether 
e 


animals can detect such subtle fluctua- 
tions, “For a magnetoreception organ to 
5 work, it must be amazingly fine-tuned” 
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Lee 


‘magnetoreception organ. 


hard to imagine these crystals aren't there 
for magnetic detection.” 

Enter Walker, who had already made a 
name with his innovative behavioral stud- 
ies of fish in controlled magnetic fields. 
He became wedded to the magnetite model 
during a postdoc stint in California, where 
he bounced the idea off biophysicist 
Joseph Kirschvink of the California Insti- 
tute of Technology in Pasadena. With his 
geosciences background, Kirschvink is the 
physics Yin to Walker's biology Yang. After 
the duo extracted magnetitelike crystals 
from atuna (Science, 18 May 1984, p. 751), 
Walker was convinced that they were on the 
trail of the real biological compass. 

The magnetite model surged with two 
studies of rainbow trout that Walker's team 
published in Nature in 1997 and 2000. “We 
studied the fish as if it were a rock,” he 


Ritz and others have proposed 
that it feeds magnetic informa- 
tion to the brain through the optic nerves, 
Birds, for example, may “see” Earth's mag- 
netic field witha few quick tums of the head, 

“Many pieces of the puzzle that never fit 
well with the magnetite model have started 
to make a lot of sense,” says Ritz. One of 
these is that some animals, particularly birds 
and amphibians, do not seem to be sensitive 
to polarity; reversing a field’s north and 
south poles in the lab often has no effect on 
behavior. “That isa prediction of the radical- 
pair mechanism,” says Ritz, “because it only 
detects displacement from the north-south 
axis, not a flipping of the axis.” 

‘A 2004 study in Nature by Ritz and 
others provided another test. The cryp- 
tochrome compass, but not magnetite, 
should be disrupted by certain frequencies 
of electromagnetic fields. Birds exposed to 
these frequencies were disoriented. “That 
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AHome for Maori Science 


AUCKLAND, NEW ZEALAND—A meeting of 
‘Maori scientists begins like no other. In a sun- 
drenched conference room at the University of 
Auckland, a couple of dozen researchers filter 
in, smile, and press foreheads together in a 
hhongi greeting. A flowing speech in the Maori 
tongue introduces the newcomers. Only then. 
does the language switch to English and the 
topic to science, 

This is Horizons of Insight, New Zealand's 
National institute of Research Excellence for 
‘Maori Development and Advancement—known 
hhere as the Maori Research Centre. Today, grad- 
vate students on center grants are giving an 
Update on their work. 

The Maori are a success story among post- 
colonial indigenous peoples, but they stil face 
serious problems. Among New Zealanders, Maori citizens are burdened 
with a disproportionately high rate of poverty, drug abuse, and violent 
Crime, Maori students are far less likely than those of European ancestry 
to finish an undergraduate degree, let alone enter graduate school. And 
among those who do, few choose science. Boosting Maori academic suc- 
ess is a necessary starting point for equality, the center's co-director, 
‘Michael Walker (see main tex), and others argue. That’s the raison d’étre 
of the 5-year-old center, which aims to improve the social and environ- 
‘mental health of Maori communities as well as support Maori Ph.D. stu- 
dents. When the center started, it hoped to boost the number of Maori 
Ph.D. students from a few dozen enrolled in 2002 to at least 500 in 
5 years, They pulled it ff ahead of schedule, chalking up the SOOth Maori 
PhO. student last year. 

One of the center’s high achievers, Melanie Cheung, walks tothe head 
of the long table, 

Her project on Huntington’s disease began traditionally enough, she 
says. To investigate what might be going wrong in the brains of patients 
who suffer from Huntington's, she planned to develop a model using lab- 
{grown neurons. Her hypothesis is that faulty mitochondria, the cellular 
dynamos, are a key part of the puzzle. 


Future scientists. Melanie Cheung (center) and fellow 
graduate students atthe Univesity of Auckland. 
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Then Maori custom intervened. To grow 
neurons, she must extract cells from the brains 
of cadavers. But in Maori culture, she says, 
“the head and brain are topu,” a sacred body 
part that must not be tampered with. 

Rather than bagging the project, Cheung 
tumed to her community for advice. She dis- 
‘cussed the problem with her family, then with 
the elders of her tribe, the Ngati Rangitihi, 
‘Some implored her not to “mess with apd,” she 
says. Others dismissed Huntington's as “a white 
‘man’s disease.” But the elders “supported the 
purpose of the work,” she says, and invited 
‘Cheung’s team, including her Ph.D. adviser, 
Richard Faull, to take part. The confab lasted an 
entre day, with a song following every speech, 
Not only did Cheung allay her tribe’s worries 
about the project, “now they wholeheartedly 
support it,” she says. 

‘Although the elders could not change the brain’s status as tapu, they 
created rituals that are now part of her daily fab routine. Before and after 
isolating and culturing neurons, she says a prayer to “acknowledge the 
‘person who has passed, the gift that their family has given us.” She also 
leamed a song about creation. “Sometimes sing, sometimes I don't,” she 
says. “it depends if there are other researchers around, and if | feel the 
need. These processes are about keeping me culturally safe.” 

What may seem like an extra burden has proved to bea boon. When 
‘Cheung started her Ph.D., cases of Huntington's disease were unknown 
‘among the Maori. But after engaging her tribe, “people started coming 
forward,” she says. Four likely cases have been diagnosed, and genetic 
‘counselors are working with Maori communities forthe first time, 

Cheung's efforts at bridging the cultures are ongoing. “in February, 
we are returning to visit my tribe with our entire research group of 60 or 
0 people and their families,” she says. The tribe is eager for an update on 
their progress. 

Cultural engagement like this is not only a happy outcome of the 
‘Maori Research Centre's grants, says Walker: “It's required.” Every proj- 
ect includes an element of community service, he says. “You have to 
give back.” 


result is very difficult to explain if birds are 
only using magnetite to orient themselves,” 
says biologist Henrik Mouritsen of the Uni- 
versity of Oldenburg, Germany. 

Walker doesn’t buy it. He labels the 
reported effect of cryptochrome-targeted 
radiation on orientation as “noise” rather than 
evidence of an alternative magnetic sense 
The cryptochrome model, he says, is only 
supported in birds and amphibians, implying 
that it has been gained and lost repeatedly 
during vertebrate evolution, whereas mag- 
netite—and, Walker argues, its compass func 
tion—has remained constant. The idea that 
evolution has maintained a second organ for 
‘magnetoreception is “absurdity.” 

Walk 


represents the field.” grumbles John Phillips, 
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a magnetoreception researcher at Virginia 
Polytechnic Institute and State Universi 
Blacksburg, “only citing papers that support 
his view and ignoring the rest.” Phillips 
argues that the evidence for the radical-pair 
‘model is at least as solid as is the evidence for 
magnetite. “Both systems have been main- 
tained because they do different things,” he 
says. Cryptochrome is the more reliable com- 
pass for determining a heading, Phillips says, 
‘whereas magnetite may be used for mapping 
displacements en route. Mouritsen, who also 
studies magnetoreception in birds, agrees: 
“Whether or not the story is parsimonious, 
the evidence shows that there are two systems 
for sensing magnetic fields.” 

Kirschvink, like Walker, dismisses the 
two-magnetoreceptor hypothesis. “That 
simply does not make sense,” he says. 


the jousting, “This is all vig- 
orous scientific debate,” he says, “It dri 
the development of theory and experiment, 
and peer review winnows things out.” 

The issue may be resolved soon, Mouritsen 
and Phillips, with cryptochrome-knockout 
mice in hand, are confident that the detailed 
behavioral studies will prove the radical-pair 
model beyond a doubt. Meanwhile, Walker, 
Kirschvink, and others just landed a $1.4 mil- 
lion grant from the Human Frontier Science 
Program. The grant willallow them to do ultra- 
fine structural studies of fish magnetite that 
could reveal exactly how it works 

Is Walker reaching the end of his 
odyssey? Perhaps. But whatever he finds in 
the nose of the fish, says Ritz, “there will be 
a truly wonderfll sto 


JOHN BOHANNON 
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PLANETARY SCIENCE 


Majority Rules in Finding 
A Path for the Next Mars Rover _ 


A few dozen self-selected planetary scientists are voting their way through a minefield 
of fiscal and scientific uncertainty in the pursuit of martian life 


PASADENA, CALIFORNIA—When it comes to 
exploring Mars, geologists love rocks. Engi- 
neers looking to land the next Mars rover hate 
them. Throw in rover mission cost overruns, a 
crucial design failure, a severely limited 
‘understanding of Mars, and a rush to launch 
2 years from now, and the Mars exploration 
community has a lot to talk about. 

Scientists in a small planetary town hall 
meeting here are helping sort out where the 
billion-dollar Mars Science Laboratory 
(MSL) rover should be landed in NASA's 
drive to understand life beyond the home 
planet. After dozens of sometimes boisterous 
votes by a grab bag of specialists, most of their 
proposed landing sites lay on the cutting-room 
“Is there anything like this elsewhere in 
“?" asked a meeting organizer in an 
aside. Not likely. 

‘Atthe end of the MSL landing site selec- 
tion workshop,” participants had pared their 
51 proposed sites to six for further considera- 
tion by NASA. It wasa painful if democratic 
process. The same procedure had gone wrong, 
‘once before, sending the Spirit rover to what 
looked like an ancient lakebed but turned out 
to be a barren lava plain. And this time 
researchers are not just “following the water” 
‘on Mars in search of past environments con 


* Secand MSL Landing Site Workshop, 23-25 October, 
sponsored by the NASA-appointed Mars Landing Site 
‘Steering Committee and the MSL Project. 


ducive to life. They are also hunting for places 
that might still harbor organic matter from 
pastor present lift. That raised the bar for can- 
didate landing sites, as did the tighter con- 
straints mission engineers had to place on 
Where MSL can land, 

In the end, the majority-rules approach 
fared well. “We've pretty much captured all 
the types” of landing sites while getting 
down to just six, says geochemist David Des 
Marais of NASA's Ames Research Center in 
Mountain View, California. “A lot of people 
subverted their interests [in a particular site} 
to the science. This degree of community 
participation is one reason the Mars program 


Touchdown. MSL (above) can land in tight quarters like 150-km 
Holden crater op), where water once entered from lower ett. 


has been so successful.” In 9 months, plane~ 
tary scientists will return to see if they can 
agree on a single landing site that's both safe 
and exciting. 


‘Anew challenge 
Five craft, all American, have successfully 
landed on Mars. The first—two Viking lar 
ders that set down on roaring retrorockets 
in 1976—went in nearly blind on a wing 
and a prayer. The two latest—the Opportu- 
nity and Spirit rovers that rolled onto 
the martian surface encased 
in airbags—benefited from 
years-long analyses of landing 
hazards and the prospects for 
good science (Science, 17 Jan- 
uary 2003, p. 326). In four 
workshops, interested planetary 
scientists proposed 185 landing 
zones for the Mars Exploration 
Rover (MER) mission and then 
pared their list to the safest-looking, 
most scientifically interesting two. 
‘on the basis of the latest observations from 
Mars. More-detailed imaging from orbiting 
spacecraft, for example, allowed accurate 
‘estimates of the abundance of mission- 
ending boulders too small to be seen from 
orbit. And better spectroscopy pointed to an 
enticing site loaded with the mineral 
hematite that forms only in water. 

This community-supported selection 
process reaped considerable rewards. The 
rovers landed safely on opposite sides of the 
planet to find landing conditions much as 
predicted. And Opportunity roved across 
plenty of hematite, although the mineral had 
formed in briny groundwater rather than on 
the postulated lakebed. Spirit, on the other 
hand, was in fora surprise, Forall the analysis 
of geologic features on the floor of giant 
Gusev crater, Spirit landed not on the 
expected ancient lakebed but on a vast lava 
plain devoid of signs of water. 
Only by chance did it eventually 
reach nearby hills that harbored 
enigmatic water-altered rock. 

This time around, NASA is 
sending the Humvee of rovers to 
Mars. MSL, which is slated to 
rove for two Earth years, weighs 
in at three-quarters ofa ton (more 
than four times the mass of 
Opportunity or Spirit), boasts 
nine instruments (cach developed 
specially for this mission, includ- 
ing a rock-zapping laser chemical 
analyzer), and runs on nuclear 
power. Even the landing system is 
brand-new. In a landing scenario 
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variously described by scientists as “excit- 
ing” or “scary.” the rover—only one this 
time—will descend the final 1500 meters 
hanging by cables from a rocket-festooned 
descent stage. All this for $1.7 billion. 

Mars scientists would have happily settled 
for a couple of more modest rovers like 
Opportunity and Spirit (at $410 million each), 
but that isn’t the NASA way, they explain; 
each new mission must be bigger and obvi 
ously better. MSL is clearly in the NASA 
spirit. “This has been a very ambitious task,” 
MSL project manager Richard Cook of the Jet 
Propulsion Laboratory (JPL) in Pasadena, 
California, said at the workshop. Engineers 
speak of the number of miracles required on a 
project, he said, and “on MSL, it seems we 
have more than our share.” 


Whittling down 
Not all of the required miracles came 
through. At the project’s most recent NASA 
review, it appeared that MSL would exceed 
its budget by $50 million to $100 million, 
NASA\s Mars program scientist Michael 
Meyer told Science. As a result, the project 
‘ended up economizing on rover instrumenta- 
tion, among various cuts, and reducing the 
number of candidate landing sites it would 
scrutinize from 12 to five. “We have become 
painfully aware how complex and time- 
‘constuming itis to select and certify a landing, 
site," said Cook, and consequently expensive. 
New imaging revealing fields of lander- 
destroying boulders recently required reloca- 
tion of the Phoenix landing site. 
The heart of the MSL. winnowing process 
‘was almost 2 days of 15-minute presenta- 
tions, discussion, and voting in a Pasadena 
hotel. Anyone with a site to propose (and the 
‘money to travel) could make their PowerPoint 
pitch to the assembled dozen members of 
§ the MSL steering committee, other pro- 
posers, a handful of invited outside experts, 
and interested planetary scientists and their 
grad students, Discussion followed, with 
‘one eye on the prospects for doing science 
and the other on the engineering constraints. 
Then came the voting: a show of hands for 
green, yellow, or red on four science-related 
questions for each site. With considerable 
good-humored joshing, voters expressed 
their opinions on each site “as a potential 
habitat for life, past or present.” 

Yellows predominated. Although strictly 
speaking, the voting was on the science poten- 
tial, not the rovers physical capabilities, new 
‘engineering restrictions were at times factored 
in. For example, mission engineers had 
planned on using an exotic dry lubricant to 
5 keep the driving and steering systems and the 
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instrument-laden rover arm operating down to 

150°C, far below the ~50°C limits of the 
MERS. But in testing, the new dry lubricant 
failed after just 20% of its required lifetime, 
MSL mission manager Michael Watkins of 
JPL said at the workshop. Returning to a wet 
lubricant made one site impossible and put 
any sites polewand of 25°S in jeopardy. 

The rovers mobility hasn't worked out 
quite as expected, either. At the first work- 
shop, many scientists proposed “go-to” 
landing sites. In these, MSL would land 
somewhere in a smooth, safe, 20-kilometer- 
diameter landing zone and then drive 
beyond the landing zone to interesting but 
unlandably rough geology. 


Go-to. MSL might rove into rugged terrain wth clays, 
(blue and magenta) denoting past water. 


But at this workshop, Watkins reported 
that on further consideration, project engi- 
neers expect MSL’ driving to be “MER-like,” 
something like 200 meters per day rather 
than the expected 500 meters per day. MSL, it 
turns out, must charge its batteries with its 
radioisotope thermoelectric generator and 
use them to drive, rather than driving directly 
from the RTG. “We need prime science within 
10 kilometers” of the center of the landing 
zone, said Watkins. That eliminated a few sites 
and sent proposers scrambling to find interest- 
ing geology in their landing zones. 

Some attendees wondered out loud 
whether the geologists might be squinting 
at their images a bit too hard. This could 
be “Gusev all over again,” said spectro- 
scopist Steven Ruff of Arizona State Uni- 
versity in Tempe. Some geologists were 
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interpreting layered rock as sediments 
down under lake water, he said, without 
discussing less interesting but quite plau- 
sible alternatives, such as blankets of vol- 
canic ash. Such concerns helped eliminate 
exquisitely layered basins with no sign 
that water ever flowed there. 

Mineralogy rather than geology ended up 
being the prime criterion, Most attendees took 
the detection of clays—the product of the 
watery alteration of igneous rocks—as a sign 
that water had long been in contact with rock 
there. That would bode well for life. Clays are 
also adept at preserving organic matter over 
the cons. So any site without at least a hint of 
clay was out of the running. 

This wasa bit too much for some, Many of 
the geobiochemists and astrobiologists—the 
smallest contingent in the crowd—felt that 
people were leaning on the clays fartoo much, 
Having clays is nice, they said, but it’s not 
everything. Clays that formed within the 
ancient Mars crust, for example, are far less 
promising signposts of early life than clays in 
ariver delta formed in a crater lake, Astrobiol- 
‘ogist Dawn Sumner of the University of Cali- 
fornia, Davis, pointed to Vernal Crater, which 
had fared poorly in initial voting because a 
thin dust layer blocks any spectral signature, 
so researchers couldn't tell whether clay was 
present. But Vernal’s proposer, planetary sci- 
‘entist Carlton Allen of NASA Johnson Space 
‘Center in Houston, Texas, had drawn attention 
to what appeared to be lake deposits, lake 
shorelines, channels, and even hot-spring 
deposits, the first proposed on Mars. “These 
things are really important,” said Sumner. “I 
voted all green” on Vernal. Nonetheless, 
revote kept Vernal out of the top 10, 

Ina final afternoon session, the workshop 
got downto a final six by demoting four sites 
to “purgatory” because they held too little 
promise of traces of life or their landing zones 
‘were just too boring. The remaining six push 
the engineering limits, although those limits 
remain flexible. The project asked that two of 
the final five landing zones be demonstrably 
safe, but at this point in the hazard analysis, 
none of the current batch is. Three are former 
the workshop's obvious favorite 
type ofsite, even though two of them are so far 
south that the rover would likely have tohiber- 
nate one-third of the time, beginning on land- 
ing. And two others are the crustal-clay sites 
so popular with the geologists but shunned by 
asrobiologists. Still, “it turned out better than 
I would have expected,” says Sumner. They 
‘ended up with a diverse suite of sites whose 
riskiness will “poke the engineers to find what 
‘we really want” 


RICHARD A. KERR 
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GENETICS 


Who's the Queen? Ask the Genes 


Biologists are finding that in some social insects nature, not nurture, determines 
whether offspring become workers or royalty 


In 1712, the English scholar Joseph Warder 
dedicated his treatise, The True Amacons: Or, 
The Monarchy of Bees, to Queen Anne, citing 
the caste divisions of the hive—the queen 
‘built for breeding and the workers tending her 
and her brood, foraging, and dying to defend 
their home—as evidence that nature adored 
royalty, But much of what entomologists have 
learned since then has made the lives of bees 
and other social insects seem closer to the 
American dream: Given the right nurturing 

a diet of royal jelly in honeybees, or being 
reared ata certain temperature in some ants 
any female grub in abechive or in an ant’snest 
can grow up to be queen. 

At least this nurture-over-nature paradigm 
was the prevailing wisdom, backed by theory 
thatargued that any gene that required a devel- 
‘oping insect to become a sterile worker would: 
be committing evolutionary suicide, But a few 
years ago, social-insect research was rocked 
by the discovery that in some ant species, 
workers and queens are determined by their 
‘genes in other words, born, not made. And 
this was discovered not in some obscure rain 
forest species but in harvester ants, which are 
‘ubiquitous across the southern United States, 
have been studied for decades, and are even 
sold online for ant farms. 

“Harvester ants are the poster child for 
ant research,” says Sara Helms Cahan of the 
University of Vermont in Burlington, one of 
the co-discoverers of genetic caste deter- 
mination (GCD). “Imagine what the 
other 11,999 species might be up to. 
Indeed, several more examples of GCD 
have popped up among other ant 
species. Researchers such as 
Helms Cahan are now tackling 


‘Queen me? These red harvester 
ants need the right genes to 
‘become a queen. 


a raft of questions about this mode of life, 
trying to unravel these ants’ evolutionary 
history, exactly what genes determine castes 
in the insects, and what, if any, evolutionary 
advantage GCD confers. 

The trait, it turns out, is not confined to 
ants. A report on page 985 shows that a 
species of termite also uses genes to split 
breeders from workers, “This is probably the 
first clear-cut example of how caste is deter- 
minedin termites.” says Nathan Lo of the Uni- 
versity of Sydney, Australia, a member of the 
team behind the discovery. And some believe 
that many more strange genetic and reproduc- 
tive systems await discovery in social insects, 


Lucky ants 

It took some luck to reveal harvester ants’ odd 
genetics. “We found it by sheer accident,” says 
ecologist Deborah Gordon of Stanford Univer- 
sity in Palo Alto, California. The ants’ natural 
history is normal enough: A single queen 
founds cach nest and gives birth to all the 
colony's workers, sterile females that give har- 
vester ants their name by gathering seeds for 
food. The queen also produces the next gener- 
ion of reproductives: males and daughter 
queens, neither of which work. As in all ants, 
wasps, andbees, males of harvesterant species 
develop from unfertilized eggs and so have 
half as many chromosomes as females. After 


summer rains, males and prospective queens 
leave the nest on swarmlike mating flights. 
Males die after mating: queens found new 
colonies and can live for more than 20 years. 
Five years ago, three teams, including 
Gordon's, Helms Cahan’s, and one led by 
Jennifer Fewell of Arizona State University in 
‘Tempe, independently noticed that in some 
nests of the red harvester ant (Pogonamyrmex 
barbatus) and in other nests containing the 
rough harvester ant (P rugosus),al the workers 
carry two different versions of a gene at certain 
DNA markers, whereas the queens in these 
colonies have identical pairs of genes at the 
same markers. This was weird, as genes should 
be spread about between the two castes at 
random in a colony in which any female can 
supposedly become a queen or worker. 
Further genetic analysis of workers and 
‘queens showed that these ants were in fact nei- 
ther P barbatus nor P rugosus but a hybrid of | 
the two species. More complicated still, the 
hybrid population consists of two strains, In 
‘each nest the queen and her daughter queens, 
are purebred members of one strain or the other, 
whereas the workers are a cross between the 
two strains. The only way this system could 
work, the various research groups concluded, 
was if queens used sperm from males of their 
‘own strain to make more queens and sperm. 
from the other strain to make workers, with 
‘each ant's caste decided not by its upbringing, 
butby the combination of genesit receives from 


its parents. So queens must mate with males of | 


both strains to mise a functioning colony. 
‘Subsequent work has found that harvester 
ants with this GCD dominate a strip of desert 
from western Texas to castem Arizona, (Other 
ants inthis genus appear to use diet to determine 
caste.) So far, eight genetically distinct hybrid 
strains have been found, coexisting in four 
pairs of dependent strains, suggest 
ing that hybridiza- 
tion has occurred 
and GCD evolved 
‘more than once, 
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Mating between species is 
often a dead end because it 
leads to sterile offspring, but 
two aspects of ant biology ©] 
allow Pogonomyrmex to get 
around this. Queens with 
GCD that have mated with only 
the other strain do not lose all 
their reproductive options: 
They can still produce males 
from unfertilized eggs. And 
workers are already con- 
demned not to reproduce, so 
the sterility of interstrain offspring is moot, 

Even so, GCD seems a perilously fragile 
reproductive system, says evolutionary biol- 
gist Peter Nonacs of the University of Cali- 
fornia, Los Angeles. Each nest competes 
with those presided over by queens of its 
partner strain for food and territory yet also 
depends on the males of that strain for its 
survival. And strains cannot evolve together 
by swapping genes, because genes from one 
strain will never end up ina queen from the 
other. “It’s such an odd way to have a social 
system. One would think there'd be great 
selective disadvantages and that it'd break 
down, but it hasn't,” says Nonacs. 

The origin of GCD in ants is almost as 
mysterious as its advantages. The obvious 
hypothesis, favored by Helms Cahan, is that 
the hybrid strains are descended from ancient 
crossings between the two parental species. 
‘The presence of genes from both species in 
each strain lends weight to this idea, as does 
the fact that within each pair, one strain’s 
‘genes are more similar to P rugosus, whereas 
the other is closer to P barbatus (even though 
the two strains in each pair look alike physi- 
cally). Helms Cahan has found that colonies 
with GCD grow more quickly than those of 
either pure P barbatus or P rugasus and that 
their workers are more aggressive than those 
of the parent species. “I wouldn't be surprised 
ifthey had an ecological advantage,” she says. 

iS Hybrid plants often grow well, she points out, 


i something long exploited by plant breeders. 


Fewell has a different view of how GCD 
arose. Based on analyses of DNA from ant 

= mitochondria—an energy-generating structure 
3 inside the cell with its own small genome—she 
§ believes that the oldest of the eight known 
2 strains with GCD is most closely related to 
Paras: This species, she suggests evolved 
$ an “egoistic™ gene that made its bearers more 
likely to become queens. Such a gene wouldaid 
Sts cuits bs would alo create slecdon ir 
2 worker-producing genes to prevent colony 
B extinction. GCD might be a way to cope with 
egoistic genes, not something that gives a com- 

5 petitive advantage, she says, and the crossing 
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Strained relations. Rough 
harvester ants (above) and red developmental pathways of 


harvester ants have hybridized. 


with P rugosus might be a later 
event not directly related to 
GCDSorigin. 

So far, biologists have 
spotted only genetic mark- 
ets of caste determination; 
the actual genes behind it are 
unknown. But finding those 
genes in harvester ants could 
reveal those that control the 


social insects in general. 
“Pogonomyrmex is going to 
bea very good model to look at mechanisms 
of caste determination,” says Laurent Keller 
of the University of Lausanne, Switzerland. 

Since GCD was discovered in harvester 
ants, it has been found in a number of other 
species. The southern fire ant (Solenopsis 
xyloni) uses sperm from males of a close rela 
tive to make workers and sperm of its own 
species to make queens. There are also genetic 
differences between the types of 
workers in leaf-cutting and army 
ant colonies. These workers come 
in various shapes and sizes, called 
subcastes, specialized for jobs 
such as soldicring, foraging, and 
nest maintenance. Like harvester 
ants, queens of these species mate 
with many males, and William 
ughes ofthe University of Leeds, 
U.K., and his colleagues have 
found that in leaf-cutting ants, the 
offspring of different males are 
biased toward becoming a particu- 
lar kind of worker, suggesting that 
a worker's genetic makeup pre~ 
disposes her toward joining a particular sub- 
caste. At the mos exireme, more than 90% of 
male leaf-cutting ant’ offspring can develop 
into one subcaste. Hughes is now looking for 
genetic differences between queens and work- 
ersin leaf-cutting ants. 


Hidden complexity 

Inspired by the discoveries in ants, Lo and 
colleagues at Ibaraki University in Japan 
looked for GCD in termites. Unlike ants 
and bees, termite societies have both male 
and female workers, and each colony has a 
king and a queen. It was thought that 
pheromones from other nest members con- 
trolled what termite larvae developed into, 
although no one had ever identified such 
caste-determining chemicals. 

Working with the Japanese termite species 
Reticulitermes speratus, Lo and his col- 
Ieagues examined this question by depriving 
colonies of their king and queen, which 
induces some larvae and normally sterile 


‘Know your place: the 
sperotus uses génes to preverit workers from 
Decoming royal freetdader 
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workers to become fertile creatures called 
neotenics. Through crossbreeding experi- 
‘ments between male and female neotenics, 
the team established that a single gene on the 
X chromosome controls caste in this termite 
-species. The gene comes intwo forms, dubbed 
A and B. Two A’ in a female make a queen, 
whereas males with a B gene become kings. 
AB females and A males become workers, 

‘When a queen with her two As mates with 
aking and his B gene, all their offspring will 
be sterile workers. Lo believes this helps pre- 
vent cheating inthenest. Reticulitermes work- 
cers only become reproductives if the king or 
‘queen dies, removing a chemical signal that 
suppresses worker development. In contrast, 
in other termite species, all workers have the 
potential to become reproductives, placing a 
drain on the colony's resources. “They just sit 
around being looked after” says Lo. 

Lo suggests that GCD is likely relatively 
rare in ants, the result of unusual circum= 
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stances such as hybridization, but that it may 
be common among termites because of the 
king-queen system and its associated genet- 
ics. It still unclear how widespread GCD is 
in social insects, says ant expert Andrew 
Bourke of the University of East Anglia in 
Norwich, U.K. “There's a lot of hidden com- 
plexity that its taking modern molecular tech- 
niques to discover,” he says. 

Now that insect researchers have spotted 
some of this complexity, they may start find- 
ing more. “People have been a bit blind.” 
Keller says. “They read something in a text- 
book, and then when the data doesn’t fit that 
model, they throw out the data.” The discover- 
ies so far are just the beginning. he predicts: “I 
think that $ to 10% of ant species will turn out 
to have very weird modes of reproduction.” 
What Wander would have made of such royal 
perversity isanyone’s guess. 

JOHN WHITFIELD 


John Whitfield, a science writer in London, is author of in 
the Beat ofa Heart fe, Energy, and the Unity of Nature. 
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edited by Jennifer Sils 


Speaking Out About U.S. Science Output 


I WAS AMAZED BY J. MERVIS'S NEWS OF THE WEEK STORY “U.S. OUTPUT FLATTENS, AND NSF 
wonders why” (3 August, p. 582). Not by the conclusion that U.S. science productivity is flat- 
tening out, but because apparently nobody interviewed by the NSF could identify the reason. 
Had the question been posed of almost any working scientist I know, the simple and accurate 


‘answer would have been that the number of papers that are written is diminishing because 
time writing papers! Instead, we spend ever-more time on the 
increasingly burdensome administrative requirements of conducting science legal 
ing, and re-rewriting grant applications as the NIH 


entists are 


ible to spend le 


writing, rew 


and on 
‘spay line drops to catastroph- 


ically low levels, As the number of hours in a day is finite and unchanging, something has to 
give. If didn’t have to spend the rest of this month ignoring various half-complete manuscripts 


THE REGULATORY BURDEN THAT ACCELERATED 
around 1990 is finally affecting the output 
of U.S. researchers (J. Mervis, “U.S. output 
flattens, and NSF wonders why.” News of the 
Week, 3 August, p. 582). Increased funding is 
reduced by the cost of regulatory compliance: 
expensive security systems for animals, super- 
fluous accreditation, excessive requirements 
for cage sterilization, verification of sterility 
using cultures, and signatures at every step. 
And, of course, the regulatory documentation 
takes time away from documenting the 
research itself. Because of the monumental 
effort required to gain approval to use animal 
or human subjects in research, discouraged 
investigators avoid pursuing experiments that 
require new approvals, even if the idea may 
take only a few days to test. 

‘The fault lies not with committee members 
trying to maintain compliance while still per- 
‘mitting research to proceed, but rather with reg- 
ulations that aim to prevent not only harm, but 


wwwsciencemag.org 


and rewriting a grant application, 1 be able to 
explain in more detail 
JOHN P, MOORE 


Department o Microbiology and immunology, Well Medical 
College, Comet Unversity, New York, MY 10068, USA. 


the appearance of harm, or even the possibility 
oofharm no matter how unlikely. Even an exper= 
iment in which participants must listen to a 
snippet of song and judge its familiarity is sub- 
ject to stringent requirements intended to pro- 
tect those participants from harm. 

Science is an exploration of the uncx- 
pected and these constraints are suffocating. 
‘We must expect creative students to look to 
other careers when they see how science is 
done today. They are replaced by those who 
are comfortable with bureaucracy and who 
do not know that science used to be accom- 
panied by enthusiasm and spontaneity. The 
only mystery is why the flat output line has 


not yet tured down. 


RICKYE S. HEFFNER, 


Department of Psychology, University of Toledo, Toleda, OH 
43606, USA. 


‘THE NEWS OF THE WEEK STORY “ U.S. OUTPUT 
flattens, and NSF wonders why” by J. Mervis 
3 August, p. 582) states that “the total output 
of US. scientists stopped growing in the early 
1990s and hasn't budged since then.” This con- 
clusion is based on publication productivity 
data from 1992 and 2001. Had more recent 
data been used, atleast one university, Drexel, 


ATION FORUM | PERSPECTIVES 


‘would have showna 130% inerease in publica 
tion productivity. Specifically, in 2002 Drexel 
faculty published $02 articles; in 2006 the 
number grew to 1165, according to data from 
Thompson Scientific Web of Science, Drexel’s 
productivity has not only budged, but surged. 

‘The decrease shown in the arti or MCP 
Hahnemann University and Drexel University 
requires context. Forstarters, MCP and Drexel 
are one and the same university. When Drexel 
acquired the academic units of the bankrupt 
Allegheny University of the Health Sciences 
in 1998, it formed an exigent entity called 
MCP Hahnemann University, which by design 
‘was dissolved in 2002 and no longer exists 

The compelling reason why Drexel and 
MCP show a decline in faculty publications 
during 1992 to 2001 is because of the pro- 
found shift in attention, energy, and resources 
on the part of both faculties as tl 
toward the common goal of in 
nation’s largest private medic: 
Jege of nursing and health professions, and a 
school of public health into a consolidated, 
fully integrated university. This formidable 
and unprecedented undertaking was a suc 
cess, and research and publishing are now 
thriving at Drexel University. 

Telling a story “by the numbers” alone can 
sometimes mean a tale half-told. Drexel and 
likely other universities accept NSF's chal- 
lenge to step up productivity and are already 
meeting it. 


STEPHEN W. DIRECTOR 


Office ofthe Provost, Drexel University Philadelphia, PA 
39104, USA. 


Threats to Privacy 


Protection 


W. W. LOWRANCE AND F. S. COLLINS RAISE 
excellent points in their Policy Forum “Identi- 
fiability in genomic research” (3 August, p. 
600). Assuring privacy protections in both 
genomic research and medicine practice is of 
urgent concer. 

A recent Scientific American article (1) 
describes how even deidentified data can be 
used to reidentify individuals, specifically 
when bits of information exist in public 
databases, The article recounts the work of 
Lantanya Sweeney, who runs the Data Privacy 
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Laboratory at Carnegie Mellon University. 
Her research found that reidentifying personal 
information is simpler than one might have 
imagined. In one case, a banker cross- 
referenced information in publicly available 
hospital discharge records against his client 
list to determine whether any of his clients had 
cancer, If they did he called in their loans. In 
another case, Sweeney found a way to reiden- 
tify patients with Huntington disease even 
after all information about the patients had 
been deleted from their records. She com- 
bined known sequencing data indicating the 
presence of the disease with hospital dis- 
charge records, which included patients’ ages, 
‘and succeeded in accurately linking 90% of 
the Huntington disease patients with DNA 
records on file. 

Privacy involves more than the deidentifi- 
cation of personal information, as illustrated 
by the 2004 U.S. Appeals case Nortinwestern 
Memorial Hospital vs. John Ashcroft. The 
case centered on Ashcroft’s attempt to sub- 
poena roughly 45 Northwestern Memorial 
Hospital patient records for use in an upcom- 
ing trial in the Southern District of New 
York to challenge the constitutionality of 
the Partial-Birth Abortion Ban Act of 2003. 
Although patient records would have been 
‘anonymized prior to release, patients noncthe- 
less protested against Ashcroft’s access on 
‘erounds that anonymization did not fully pro- 
tect their privacy. The hospital went to court to 
block Ashcroft, and the patients prevailed. 
The court determined that Northwestem 


Memorial Hospital was not required to com- 
ply with a subpoena from the Justice Depart- 
ment for abortion patients’ medical records. 
Importantly, the court stated, “Even if there 
‘were no possibility that a patient's identity 
might be learned from a redacted medical 
record, there would be an invasion of privacy. 
If Northwestern Memorial Hospital cannot 
shield its abortion patients’ records from dis- 
closure in judicial proceedings, moreover, the 
hospital will lose the confidence of its 
patients, and persons with sensitive medical 
conditions may be inclined to turn elsewhere 
for medical treatment” (2). 

‘CAROL ISAACSON BARASH 
Genetics thes, and Policy Consulting, Inc. Boston, MA 
02130, USA Email cbarah@gepe.com 


References 

1, Wale, Sei Am. 297, 92 (hy 2007), 

2. Nomthwestem Memorial Hospital vs Joho Ashcroft, 362 
14923 (th Ge, 2008); avaiable at tng. 
comhews nd.on combdoesoeslabortion owmhash D6 


Steen al 


Potent Questions About 
India’s Polio Vaccine 


IN THEIR REPORT “NEW STRATEGIES FOR THE 
elimination of polio from India” (17 Nov- 
ember 2006, p. 1150), N. Grassly etal. discuss 
the use of trivalent oral polio vaccine (OPV) 
in India for supplementary immunizations 
against type | poliovirus. During the past $ 
years, OPV efficacy in relation to confirmed 


CORRECTIONS AND CLARIFICATIONS 


News of the Week: “Is battered Arctic S 


ce down forthe count? by R.A. Ker (S October, p. 33). The caption forthe 


‘graphic should have noted more fully thatthe analysis rendered in the plot was different fram the analysis discussed inthe 
text. Apartcuar year's sea ice area difered in the two analyses, but the long-uning downward trendand the sharp decine 


{n 2007 were the same. 


TECHNICAL COMMENT ABSTRACTS 


Comment on “A G Protein-Coupled Receptor Is a Plasma Membrane Receptor 


for the Plant Hormone Abscisic Acid” 


Christopher A. Johnston, Brenda R. Temple, Jin-Gui Chen, Yajun Gao, Etsuko N. Mori 


Alan M. Jones, David P. Siderovski, Francis S. Willard 
Liu etal. (Reports, 23 March 2007, p. 1712) reported tha the Arabidopsis thabiana gene GCRZ encodes aseven-transmem- 


brane, 


protein-coupled receptr for abscsc acid. We argue that GCR2 snot likly tobe a transmembrane protein nor 2 
synthetases. 


G protein-coupled receptor. Instead, GCR2 is mast likely a plant homolog of bacterial anthionine 
Fulltext at wwa.sciencemag.org/cq/contentull3 18/5852/914¢ 


ResPONsE To ComMENT ON “A G Protein-Coupled Receptor Is a Plasma 
Membrane Receptor for the Plant Hormone Abscisic Acid” 


Xigang Liu, Yanling Yue, Wei Li, Ligeng Ma 


‘Our study provided experimental evidencethat GCR2 isa membrane associated abscisic acd receptor that interacts withthe 
protein subunit GPA2 in Arabidopsis. Athough we nnct rule cut GCR2 2s alanthionine synthetase homolog, our data 
‘ndiate that it may define a new typeof nonclassical G protein-coupled receptor. 


Full tet at mon siencemag or/ci/corten full 185852/914d 


cases of type I paralytic poliovirus and 
number of doses (Grassly er al.’s Fig. 3) 
suggests that poor-quality vaccine lots are 
being dispensed during primary and supple- 
mentary immunization. The chances of any 
recipient receiving adequate immunization 
against three poliovirus serotypes depend 
‘on the quality of OPV available locally. 
Suboptimal immunizing doses or missed 
immunizations would lead to individuals who 
do not respond to multiple OPV doses. 

Assays for the total viral content (1) of the 
vaccine dose are biased in favor of type | 
poliovirus. Potency assays on tri- or univalent 
lots retrieved from field usage would be more 
reliable than any cumulative thermal color 
changes observed by vaccine vial monitors. 
‘Vaccine vial monitors are just physical indica- 
tors of temperature, They do not indicate the 
period (duration) of exposure to such a tem- 
perature. Furthermore, they do not indicate 
the extent of exposure to sunlight and would 
not indicate the biological activity in the vac- 
cine vial container (2). Inadvertent use of poor 
immunogenicity lots (3) and brutal handling 
‘of OPY aliquots (4) are widespread. 

It is at least possible that the apparent 
absence of genetically divergent vaccine- 
derived polioviruses correlates with field 
usage of poor-quality OPV. 

‘SUBHASH C. ARVA AND NIRMALA AGARWAL 
‘Sant armanand Hospital. 18 Aipre Road, Delhi 110054, 
‘na mal: subhash hotmail com. 
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Response 

'ARYAAND AGARWAL ARE CONCERNED ABOUT 
the potency of trivalent oral polio vaccine 
(OPV) administered to children in India and 
the possibility of low potency contributing to 
low efficacy of this vaccine in Uttar Pradesh, 
This concer seems to flow from several mis- 
understandings about the testing, distribution, 
and use of OPV in India. 

All OPV released for use in India is tested 
by the producer and, subsequently, by a 
national reference laboratory before release. 
All batches released in India are potent 
according to international standards. Titers of 
‘cach individual Sabin virus and atotal titer are 
evaluated. A specific, internationally agreed- 
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upon benchmark titer is used to assess potency 
(for example, each dose must contain titers of 
Sabin serotype 1 virus that exceed 10* tissue 
culture infective doses). Thus, the suggestion 
that assays used to assess potency are some- 
how biased and misleading is incorrect. 
After testing, vaccine is distributed in a 
refrigerated “cold chain” throughout the 
country. Each vial of vaccine includes a vac~ 
cine vial monitor (VVM), which indicates 
cumulative heat exposure over time. The 
VVM is calibrated to alert the vaccinator 
when the vial has become exposed to 
enough heat over time to reduce potency toa 
level that would hinder the protective effect. 
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(Arya and Agarwal incorrectly state that 
VVMs do not measure heat exposure over 
time.) Thus, although the VVM does not 
directly measure potency, it provides infor- 
mation about the main factor that affects 
potency. Vaccine vials whose V VMs indi- 
cate that they have not been maintained at 
the correct temperature are discarded. This 
stem ensures that only potent oral polio 


vaccine is administered to children in India. 


Monitoring data shows only a very small 
minority of vaccine vials observed in the 
field indicate overexposure to heat (less than 
1%) (J). In addition, a recent laboratory 
evaluation of monovalent and trivalent OPV 
retrieved from the field in Uttar Pradesh dur- 
ing the 2006 mass immunization campaigns 
demonstrated adequate potency in all vials 
with VVMs indicating potency [a sample of 
345 vials from 69 districts (2)] 

Arya and Agarwal cite an article about a 
Nigerian measles immunization program, 
which is of negligible relevance to a discus- 
sion of the Indian polio immunization pro- 
gram, and an article about the cold chain in 
Chandigarh, which, although in India, is an 
area that eliminated wild polio virus transmis- 


sion years ago with the trivalent vaccine. 
Thus, neither of these references supports a 
serious concem about the cold chain capacity 
in India as a potential cause for reduced vac~ 
cine effectiveness. 

Finally, the assertion that the absence of 
genetically divergent vaccine-derived polio 
virus (VDPY) is consistent with use of poor- 
quality vaccineisnottrue. The mostimportant 
risk factor for development of circulating 
VDPV is low population immunity levels, If 
the vaccine was poorly immunogeni 
population immunity would result, and one 
would be likely to sce more, not fewer, 
episodes of circulating VDPV. 

NICHOLAS C. GRASSLY,"JAY WENGER,” 
R, BRUCE AYLWARD? 
‘Deparment of Infectious Disease Epidemiology, Imperial 
College London, Norfolk Place, London W2 176, UK. 
‘ational. Polio Surveilance Project, World Health 
Organization, RK. Khanna Tennis Stadium, Aca Avenue, 
Safdarjung Enclave, New Delhi, 210029, India, "Global 
Folio ErdcationIniatve, World Health Organization, 20 
‘Avenue Appia, CH 3233 Geneva 27, Switzerland 
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SOCIAL SCIENCES 


Arguing for Computational Power 


Daniel Diermeier 


sarly every book on agent-based 

models (including Generutive Social 

Science) features advanced praise on 
the dust cover that highlights the tremendous 
promise of agent-based modeling. Agent- 
based modeling, however, is now at least 35 
years old—counting from the publication 
of Thomas Schelling’s Micromotives and 
Macrobehavior (1)—and its impact on main- 
stream research in the three major social sci- 
‘ences (economies, sociology, and political sci 
cence) has been limited in contrast to, say, that 
of game theory, Before the reader jumps to 
conclusions about conspiracies among scien- 
tific elites that rigidly hold on to existing 
views, itis worth keeping in mind that over the 
past 15 years, the supposed fortress of ortho- 
doxy, theoretical economics, has been revolt 
tionized atleast twice: firstby the introduction 
of evolutionary game theory and more re 
cently by the birth of behavioral economics 
and neuroeconomics. Agent-based models 
have had no similar impact. 

Joshua Epstein'’s book is a clear and highly 
illuminating response to this challenge. Much 
of Generative Social Science is not new. 
Indeed, most of the book is essentially an 
anthology of previous work by Epstein (an 
‘economist atthe Brookings Institution) and his 
coauthors. It should be noted that having all 
these contributions in one place isnot only use- 
ful but pleasing. It is a delight to reacquaint 
‘oneself with such gems as the work on the cul- 
ture, population, and behavior of the Anasazi 
and the consideration of civil violence. 

For the reader mainly interested in what is 
new in agent-based modeling, the first two 
chapters are by far the most interesting. 
Epstein’s main argument is that agent-based 
models have been both misinterpreted and 
evaluated by the wrong standards. He con- 
tends that (i) contrary to common belief, 
agent-based models do satisfy our standards 
of scientific theories; (ii) according to many 
explanatory criteria, agent-based models out- 
perform more traditional models given those 
explanatory standards; and (iii) they exem- 
plify a different type of explanatory criteria 
appropriate for “generative social science.” 


The reviewer is atthe Northwestern Institute on Complex 
Systems and the Kellogg School of Management, 2001 
Sheridan Road, Leverone Hall $85, Northwestern 
University, Evanston, Ik 60208-2009, USA. E-m: 
d-diermeier @tellogg.norhwestem.edy 
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The generative standard is epit- 
omized in the slogan “if 
you didn’t grow it, you didn't 
explain it.” 

This generative approach, 
of course, is not new, It has 
predecessors in Chomskyan 
linguistics and even Thomas 
Hobbes's Elements (2), There 
is, however, some tension be- 
tween arguments (i) and (ii), 
which presuppose a more tra- 
ditional model of explanation, 
and argument (iii), which of- 
fers a rather different model of explanation. 
This isnot just a philosophical exercise as, on 
closer inspection, much of Epstein's argument 
depends on whether we indeed accept genera- 
tive explanations as somehow superior. The 
author, however, does not provide any reasons 
‘why a generative approach is superior. 

To sce some of the possible problems, con- 
siderthe converse of the generativist claim: “If 
you grew it, you explained it.” In the agent- 
ibased tradition, considerable emphasis is 
placed on the fact that “simple” rules lead to 
the “emergence” of “complex” behavior. 
Epstein provides a nice, somewhat tongue-in- 
cheek, discussion of the vagueness and ambi 
uity of emergence in the agent-based model- 
ing community, but the generativist slogan 


Science 


Scene for simulations. The Artificial Anasazi Proj 
northeastern Arizona, to evaluate the results of an 
‘graphic behavior on a landscape of annual variations in potential maize production 


Generative Social 


rests itself on the importance of simple rules. 
Suppose, for example, that one provides a 
generative model of biological organisms 
using micro-rules that violate basic principles 
of physics. Would we consider this an expla- 
nation? 1 think not. (Moves 
toward pragmatist accounts of 
explanation should be resisted; 
they may let agent-based mod- 
els off the hook, but they also 
absolve rational choice-based 
theories.) My sense is. that 
many of the rules used in agent- 
based models have that feature 
They are too simple to be plat 
sible. This is particularly im- 
portant in the economic con- 
text, where we can easily dev 
strategies that would be able to 
outperform the proposed rules, 
Dropping the fixation with a generativist 
approach and simple rules may offer some 
promising directions for agent-based model- 
ing—for example in its relation to game the- 
ory, which plays the role of the ancien régime 
to Epstein’ revolution, Epstein argues that the 
central solution concept in noncooperative 
game theory, Nash equilibrium, cannot pro- 
vide an explanation of how equilibrium states 
can be attained. The focus on Nash equilib- 
rium and its static properties, however, seems 
quite outdated. The issue of how players con- 
verge on equilibria has been the subject of an 
extremely active and influential research area, 
evolutionary game theory. This approach is 
not generative inthe sense of Epstein, because 
the underlying rules are not simple, Rather, 


gent 


ject used archaeological data from Long House Valley, 
‘agent-based model of settlement patterns and demo- 
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they build on insights from psychology and 
incorporate learning, adaptation, and so forth. 

Unfortunately, much of evolutionary game 
theory is solely concerned with foundational 
questions, e.g., how to characterize Nash 
equilibrium (or its refinements) in terms of 
adaptive mechanisms. Much less work has 
focused on using the proposed dynamic mod- 
els directly to explain social phenomena. 
Given, on the one hand, the computational dif= 
ficulties to doing that and, on the other hand, 
the rich modeling capabilities offered by 
agent-based models, there seems to be ample 
room for collaboration and convergence. 
Perhaps such efforts offer a more fruitful 
direction than the ongoing argument over 
‘which approach is right, 

Epstein’s book is a concise and well- 
articulated defense of agent-based model- 
ing. Generative Social Science is essential 
reading for anyone seriously interested in 
the foundations and the practice of agent- 
‘based modeling. In my view it does not settle 
the questions, but stating them clearly and 
providing a clear and provocative argument 
is no minor achievement. 
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EVOLUTION AND BEHAVIOR 


Simple Maths for a 
Perplexing World 


Daniel J. Rankin 


harles Darwin famously remarked 

that those versed well in mathematics 

are endowed with something akin to 
‘an extra sense. In the past half century, mathe- 
‘matics has brought a great deal of insight into 
evolutionary biology, and pethaps for this rea- 
‘son hoards of mathematicians and physicists 
flock to biology to apply their insight. The 
depth and range of topics dealt with in 
Richard McElreath and Robert Boyd's 
Mathematical Models of Social Evolution 
keenly demonstrate how far that extra sense 
can bring us. 


the reviewers atthe Department of Behasoural Econ. 
Insttte of Zoology University af Bem, Wohlensrase 
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The book begins with the analogy that 
mathematics is like Latin: everyone knows a 
few words, but very few people can understand 
sentence. The analogy is a good one, asmath- 
matics takes a back seat in most biology pro- 
grams. McElreath and Boyd (anthropologists 
at, respectively, the University of California, 
Davis, and the University of California, Los 
Angeles) hope fornothing less than a reforma- 
tion in evolutionary biology, and like Martin 
Luther (who translated the Bible from Latin 
into the vernacular), they suocced very well in 
conveying their ideas to the perplexed. Simply 
flicking through the book without reading the 
details is enough to panic anyone with even a 
slight phobia of equations: the book is packed 
with squiggles, little letters, and strange- 
looking symbols. Taking the plunge, however, 
reveals that the authors have explained each 
step of the chosen models as clearly as possi- 
ble. These widely used models 
are clegant in their mathemati- 
cal simplicity, and at times the 
prose reads like a bedtime 
story, prompting the reader to 
think “how simple!” 

Each chapter is followed by 
1 guide to the relevant litera- 
ture, and a detailed appendix 
covers some of the most useful 
techniques in mathematical 
biology. Classic topics such as 
animal conflict, sex allocation, 
and dispersal are discussed. 
isappointingly, the authors neglect a few 
well-used approaches, including simulations 
(which they dismiss from the start, standard 
optimization theory, and dynamic program- 
ming. Those interested in such tools will find 
Hanna Kokko's recent book (/) helpfill 

Much of the mathematical theory of social 
evolution theory stems from the work of W. D. 
Hamilton, and his results feature prominently 
inthe book. The two chapters devoted to coop- 
eration and reciprocity introduce both game 
theoretical and inclusive fitness techniques 
for approaching these problems. These chap- 
ters offer a comprehensive introduction to 
what increasingly seems a mammoth field on 
its own; clearly, the tool box that the authors 
use in their day-to-day research is immense. 
Hamilton (2) noted that altruistic behaviors 
could evolve if the cost (c) that an altruist paid 
was less than the benefit of the recipient, 
weighted by therelatedness coefficient(r):¢<rb, 
known as Hamilton's rule. One long-standing 
issue in the field of social evolution concerns 
what role group selection (where an individ- 
uals fitness depends on the success of the 
group) plays in the evolution of altruism—a 
question recently addressed in (3, 4). In their 


Mathematical Models 
of Social Evolution 
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chapter on selection among groups, the 
‘authors use an elegant model to show that both 
kin selection and group selection approaches 
to altruism yield Hamilton's rule. As they 
remark: “There is only one world out there. It 
‘would be bad if changing the way we did the 
accounting of genes changed the answer.” 

‘One of the most interesting topics 
McElreath and Boyd cover is social learning 
(learning from observing and copying others). 
Many animals have the ability to copy each 
other; thus, behaviors can be transmitted by 
learning from other animals as well as by 
‘genes. In the introductory chapter, the authors 
discuss a simple model that allows ane to cal- 
culate the frequency of copied behaviors 
when animals estimate payoffs to others in 
deciding whether toimitate another individual 
and which behavior to copy. In their chapter 
‘on animal communication, the authors con- 
sider such cultural inheritance 
in a fictitious species that 
inhabits a changing environ 
‘ment. Using a model of gene- 
culture coevolution (which 
allows both genes and cultur- 
ally inherited traits to evolve), 
they then examine the condi- 
tions under which social learn- 
ing can evolve. They show that 
for more predictable environ- 
‘ments, social leaming is favored 
over individual learning (learn- 
ing purely from one’ own 
experience). The field of cultural evolution is, 
still fertile ground, and the ideas presented 
in the authors’ discussion of social learning 
will spur many a biologist to think more 
about the role of cultural transmission in evo- 
lutionary change. 

Mathematical Models of Social Evolution 
‘ill no doubt reward psychologists, sociolo- 
ists, and economists interested in evolution- 
ary theory. Anyone desiring a thorough, yet 
down-to-Earth, introduction to modeling in 
social evolution couldn't do much better than. 
to read this book. Using little more than high 
school mathematics, McElreath and Boyd 
show how one can take a big step toward 
understanding many perplexing evolution- 
ary processes. 
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ENVIRONMENTAL SCIENCE 


Rethinking Desalinated Water 
Quality and Agriculture 


u. 


ith almost half of humanity suffer 
ing insufficient access to potable 
water (/) and water scarcity for 
agriculture considered to be a global crisis (2), 
seawater desalination has emenged as a feasi- 
ble solution, Between 1994 and 2004, world 
desalination capacity increased from 17.3 to 
35.6 million m*/day (3). 
At present, seawater desali- 
nation provides 1% of the 
‘world’s drinking water (4), 
Desalinized water is 


fermiyahu," A.Tal* A. Ben-Gal,' A. Bar-Tal,?J. Tarchitzky,* 0. Lahav’ 


tively higher priced desalinized waters. 

In December 2005, a new seawater desali- 
nation plant was opened in Ashkelon, on 
Israel's southern Mediterranean coast. Its 
100,000,000 m*/ycar production makes it the 
largest reverse-osmosis (RO) desalination 
facility presently in operation worldwide (8). 


Recommendation for 


Damage to crops after irrigation with extremely 
pure water from the world’s largest reverse- 
osmosis desalination plant reveals a need for 
revised treatment standards. 


by its electrical conductivity (EC), The EC of 
water produced at the Ashkelon desalination 
plant is 0.2 to 0.3 dS/m, replacing water from 
2 national distribution system with an EC 
higher by a factor of three to five. 

Boron (B) concentration in seawater aver- 
ages 4.5 mg/liter and is slightly higher in the 
Mediterranean Sea. At these 
concentrations, B does not 
constitute a threat to human 
health (/0) but is highly toxic 
to many crops (//). Boron in 


increasingly considered a Water from Ashkelon domestic and neutral and acidic environ 
source of water for agricul- Parameter desalination plant agricultural usage ments readily passes through 
ture as well. With 69% of the RO membranes, Without 
the global water supply Meceeonm wl ats) additional treatment, Bin 
going toirrigation (5),pres- (Ct (mgfiter) 15-20 <20 Mediterranean scawater after 
ent freshwater resources [Na*] (mafliter) 9-10 <20 RO will reach 2 mgyliter, 
‘may soon be insufficient to 24 : which is toxic for all but the 
meet the growing demand eed Granta) 86 ieee most tolerant crops (//). 
for food. A recent report (6) IMg?*] (mg/titer) 0 12-18 Toxicity symptoms in orchards 
concludes that, although [50,25] (mgfiter) 20-25 330 were observed after irrigation 
the costs of desalination with effluent originating from 
remain prohibitively cx- | 2! (atten O20 O20 desalinated municipal water in 
pensive for full use by irri- Alkalinity (mg/liter as CaCO) 48-52 >80° Eilat with ~1.2 mg/liter B pro 
gated agriculture, forhigh- CCP (mgjliter as CaCO3) 0.7-1.0 310" duced. Concentrations of 2 
value cash crops ike green 54 10-82 et mg/liter Bin irrigation water 


house vegetables and flow 


also. caused reductions in 


fs, i use may be econom- 
ically feasible. 

In a few countries, 
desalinized brackish water (whose price is 
typically a third of desatinated seawater) is 
already widely used by farmers. For instance, 
~22% of water desalinated in Spain goes to 
agricultural irrigation (6). An Austratian sur- 
vey found that 53% of the population envi- 
sioned desalinated water usage for irrigation 
of vegetables as highly likely (7). In Israel, the 
promise of new, profitable crop options has 
inspired farmers to request allocations of rela- 
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“Value based on the new isroeli recommendations for desotinated water. 


Itiss also the world’s first desalination facility 
to produce potable water from seawater at a 
Price below $0.55/m? (9), Although the 
Ashkelon facility was designed to provide 
‘water for human consumption, because of rel- 
atively modest population densities in south- 
em Isracl, a substantial percentage of the 
desalinated seawater was delivered to farmers. 
Recent evaluation of the effect of the plant's 
desalinized water on agriculture, however, 
produced some surprising, negative results 
Changing these outcomes will require modi- 
fying future water management orientation 
and revision of desalination standards. 


Effects of Desalinization 
When farmers receive desalinized water, the 
lowered salinity is perceived as a bonus, 
because the salts (especially Na” and Ct) 
damage soils, stunt plant growth, and harm 
the environment, Salinity in water is measured 


yields in peanuts and tomatoes 
inthe Negev region (/2, 13). 
Desalination not only sep- 
aarates the undesirable salts from the water, 
but also removes ions that are essential to 
plant growth, Desalinized water typically 
replaces irrigation water that previously pro- 
vided basic nutrients like calcium (Ca?"), 
magnesium (Mg?"), and sulfate (SO,?) at 
levels sufficient to preclude additional fertil- 
ization of these elements 
Although water from Israel's national 
water carrier typically contains dissolved 
Mg® levels of 20 to 25 mg/liter, water from 
theAshkelon plant has no Mg". After farmers 
used this water, Mg?” deficiency symptoms 
appeared in crops, including tomatoes, ba: 
and flowers, and had to be remedied by ferti 
ization, Current Israeli drinking water 
standands set a minimum Ca** level of 20 mg/ 
liter. The postdesatination treatment in the 
Ashikelon plant uses sulfuric acid to dissolve 
calcite (limestone), resulting in Ca®* concen- 
tration of 40 to 46 mglliter. This is still lower 
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than the 45 to 60 mg/liter found in typical 
Israeli freshwaters. Other posttreatment 
processes, such as dissolving CaCO, with 
gaseous CO,, planned in future local desali- 
nation plants, will produce a Ca?” concentra- 
tion of 32 mg/liter. Calcium is not just a nutri- 
ent required by plants; its interactions with 
other nutrients and with growth-limiting fac~ 
tors, including plant disease agents, makes 
changes in its content and relative concentra 
tion particularly problematic (/4, 15). 

During the desalination process, SO? is 
removed completely. In the Ashkelon plant, 
sulfur is added coincidental to the use of sul- 
furic acid for dissolving calcite in the post- 
treatment stage. Ultimately, SO, concentra 
tions settle at 20 to 25 mg Siliter, similar to 
freshwater levels, However, sulfur deficiency 
could emerge as a problem in other systems 
where alternative methods for Ca® enrich- 
‘ment are practiced. In intensive horticulture, 
the average recommended SO, concentra- 
tion in irrigation water is 58 mg S/liter, 
‘whereas the minimum concentration recom- 
‘mended for tomatoes is much higher: 141 mg, 
‘Siliter (16). 

Desalinated irrigation water in Israel is 
often blended with other water sources, As a 
result, the quality of the final water actually 
delivered to farmers is unreliable. RO waters 
low in dissolved substances, with little butfer- 
ing capacity relative to that of freshwater. 
Low buffering capacity increases risks of cor- 
rosion to metal distribution pipes. It also can 
have a profound impact on pH (and agricul- 
tural productivity) when the water is mixed. 
with other sources. 


Economic Factors 

Thecost of desalinating | m* of seawater at the 
Ashkelon plant was $0.55 in 2006; in smaller 
facilities, the cost using the same technology 
could reach $1/m*, This cost includes B 
removal and addition of SO? ,Ca®,andalka- 
linity by means of a caleite-dissolution post- 
treatment process. Additional enrichment of | 
the desalinated water with Mg would raise 
the price further, 

According to new recommendations for 
desalinated water in Israel (17), dissolved 
Ca?* concentrations should not be increased 
beyond 48 mylliter. This Ca ceiling is based 
‘on economic considerations, to minimize 
problems related to excess hardiness for users 
in the industrial and municipal sectors. 
Although magnesium is not included in local 
‘water-quality criteria, itis welcome in desali- 
nated water not only for agricultural but also 
hhuman health objectives: The World Health 
Organization (WHO) recommends maintain- 
ing levels of about 20 to 30 mglliter Ca?* and 


10 mg/liter Mg**in drinking water (/8). 

To meet agricultural needs, missing nutri- 

ents might be added to desalinized water in 
the form of fertilizers. Supplying Ca? and 
‘Mg?* at 24 and 12 mgiliter, respectively, costs 
~S0.09/m?, Direct chemical dosage at the 
desalination plant to increase Mg?” is also a 
relatively expensive alternative (adding 
~80,045'm! to the overall posttreatment cost 
when 10 mg/liter Mg°is supplied as MeCl,). 
It also results in addition of unwanted 
counter anions. Dissolving dolomite rock 
[CaMgiCO,},] to meet Ca*", Mg, and alka- 
linity criteria would only cost between $0.01 
and $0.02/m? above the cost of existing cal- 
cite dissolution (17). Yet there are several 
potential problems associated with dissolved 
dolomite rock, most notably the relatively 
slow dissolution kinetics. An alternative 
process, where excess Ca” ions (generated 
in the common H,SO,-based calcite dis- 
solution posttreatment process) are replaced 
with Mg? ions originating from seawater 
(extracted using specific ion-exchange 
resins) has been suggested. This alternative 
will balance so? , Ca", Mg’, alkalinity, 
and pH composition in desalinated water at a 
cost-effective price (19). 
If the minerals required for agriculture 
arenot added at the desalination plant, farm 
ers will need sophisticated, independent 
control systems in order to cope with the 
variable water quality. Such systems can 
involve farm-scale water storage facilities, 
water-quality monitoring equipment, and 
fertilizer-pumping facilities capable of re- 
acting to input water quality. The on-farm 
capital costs of such equipment are likely to 
reach $10,000 per agricultural unit, and 
associated operational costs will add addi- 
tional expenses to the equation, 


Conclusions 

If desalinized water was destined for agricul- 
tural use alone, simple blending strategies 
‘would be the most probable economical strat- 
egy. providing stable and high water quality. 
Yet, in more typical cases, where water sup- 
plies both municipal and agricultural uses, 
economic efficiency requires a balancing of 
treatment costs, drinking-water quality, and 
agricultural benefits. On the basis of recent 
Israeli experience, we recommend expanding 
‘water-quality parameters in desalination facil- 
ities that may supply water to farmers (see 
table, p. 920). The proposed standards are 
based on lessons learned during the initial 
operation of the Ashkelon plant and water 
quality guidelines that were subsequently 
recommended (20),as well as the actual agro- 
nomic consequences for local farmers 
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discussed above (/4, 15). The standards are 
relevant for dry land regions but will probably 
not be cost-effective for areas where agricul- 
ture does not rely heavily on irrigation. 

These expanded criteria neither contradict 
‘nor compromise the quality of the water for 
human consumption as defined by WHO 
standards (2/). On the contrary, increased 
buffering capacity and higher Ca?” and Mg?” 
‘concentrations make the water more chemi- 
cally and biologically stable and provide a 
higher amount of essential elements, which 
‘contribute to public health, Desalination facil- 
ities built today will be in place for decades, 
making planning now essential for long-term 
increased economic prosperity and agricul- 
tural productivity. 
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Mixing a Stellar Cocktail 


Corinne Charbonnel and Suzanne Talon 


0 simulate a star on a com- 

[ puter, you need equations 

describing the behavior of 
gases under the action of gra 
You must include muclear reac 
tions that release energy and pro- 
duce elements beyond hydrogen 
Furthermore, you have to describe 
how energy is carried through the 
star, either by photons, electrons, 
or moving matter. Finally, you 
must spin your star to shape the 
internal rotation as well as the 
internal distribution of chemi 
elements. You can then watch your 
theoretical star evolve and see that 
the model reproduces the main 
observational features of real 
stars, stich as overall temperature 
and luminosity. However, your 
model will not pass all the tests. In 
particular, you won't predict that the interior 
ofthe Sun, the star we are most familiar with, 
is rotating slowly (/, 2), nor will you property 
describe the surface composition of Sun-like 
stars. What went wrong? 

The most serious problem is that the 
models are missing a process to rigidify the 
internal rotation of the star and reduce the 
internal turbulent mixing from hydrody- 
namic instabilities. To better understand 
these effects, astrophysicists have been 
seeking inspiration from a new source: ter- 
restrial atmosphere physicists. In the 1960s, 
atmospheric scientists were intrigued by a 
quasibiennial oscillation in the stratospheric 
wind velocity above Earth’s equator. 
Lindzen and Holten (3) showed that it is 
caused by wave-induced momentum trans- 
port, Itturns out that exactly this mechanism 
‘may be relevant to processes inside stars. 

‘The main waves responsible for this oscil- 
lation are the so-called internal gravity waves. 
‘These waves are present in stratified media 
such as Earth's atmosphere, where they are 
ted by the turbulence of nearby regions. 
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| Stirred and shaken. Schematic view ofthe interior of the Sun (left) and of a mas- 
sive star (right), where areas with small eddies indicate convective regions where 5p, 
energy is transported by large-scale motion. n radiative regions, energy is trans- 
ported by photons. Red indicates fast rotation and blue indicates slow rotation. The 
Sun hosts a convective envelope that generates internal gravity waves traveling 
inward (arrows). In more massive stars hosting a convective core, gravity waves Sta 
travel outward. In both cases, there isa shear layer oscillation at the frontier 
between the radiative and convective regions. 


Such waves are an important part of several 
other phenomena in our atmosphere. (They 
are responsible, for example, for the clear-air 
turbulence that is feared by plane passengers 
and for stratospheric sudden warming caused 
by the dissipation of planetary waves.) Their 
crucial characteristic is that they produce 
‘momentum transport that cannot be modeled 
asa diffusive process (4). 

In stars, the interesting property of gravity 
waves is that they pump angular momentum 
from the region where they are excited and 
dump it where they are damped. The nontocal 
nature of this transport makes ita very effi- 
cient process to shape the internal rotation of 
gascous bodies. Gravity waves are excited 
inside convective regions (see the 
They travel and are damped in the radiative 
region over distances that depend on their 
wavelength and frequency. These waves can 
be retrograde or prograde—that is, they travel 
either against or with stellar rotation: the 
same waves also propagate radially, from the 
convection zone border into the radiative 
zone. Differential rotation induces a Doppler 
shift in the wave frequencies that is different 
for prograde and retrograde waves that con- 
vey positive and negative angular momentum 
respectively. The result is a local oscillating 
shear similar to the atmospheric quasi-bien- 
nial oscillation. This local shear then acts asa 
filter: small wavelength waves are all damped 
there, while the large wavelength waves that 


Waves similar to those observed in Earth's 
atmosphere may strongly influence the internal 
structure of the Sun and other stars. 


transport angular momentum 
such as to reduce differential 
rotation between the radia- 
tive and the convective region 
are favored, 
The impact 
waves has b 
studied in the case of the 
Sun, in which the convective 
region extends over the outer 
30% in radius, The wave- 
induced oscillation occurs just 
below, at the boundary with 
the radiative zone, over about 


2% in radius (see the figure), 
with a period on the order of a 
decade (5), Asin all low-mass 
15, the rotation of the Sun's 
convection zone has slowed 
down during its infancy. Thus 
the core happened to rotate 
much faster than the surfice. This favored ret- 
rograde waves, which caused the core of the 
young Sun to spin down on a time scale of a 
few hundred million years. In this framework, 
a smooth rotation profile is expected in the 
present Sun, consistent with helioseismologi- 
cal observations. Hence, the Sun has weaker 
hydrodynamic instabilities that lead to a sur= 
face chemical composition in agreement with 
spectroscopic measurements (6) 

But how far can we trust this model? 
Thanks to terrestrial atmospheric physics, we 
understand the general properties of gravity 
\waves, such as phase and group velocities and 
damping. What is still uncertain is the effi- 
ciency of wave generation by turbulent con- 
vection. To this day, stellar modelers rely on 
rather crude prescriptions for convection. 
Consequently, the spectrum of the waves 
excited by convective motions in starsremains 
elusive. To refine our knowledge of wave 
excitation, we await the outcome of three- 
dimensional simulations of convection that 
reproduce stellar conditions, We are not in 
total darkness, however, because the one- 
dimensional prescriptions we use reproduce 
the power spectrum of the solar pressure 
waves seen in helioseismology (7). In addi- 
tion, the secular evolution of the interior rota- 
tion rate is not strongly dependent on the 
detailed wave spectrum or on the exact input 
rate of energy in the waves. 

What about other stars? The structure and 
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position of convection zones vary with stellar 
mass and age. As a result, gravity waves are 
‘expected to alter stellar properties differently 
depending on the star we look at. For stars 
‘more massive than the Sun that host a convec- 
tive core (see the right panel of the figure), 
‘gravity waves travel toward the surface, where 
they probably cause strong shears and keep 
the chemical composition homogeneous over 
1 broad region (8). However, the influence of 
‘waves on the overall rotation and on the ulti 
‘mate fate of such objects remains to be inves 
tigated. Another promising avenueis the study 
of evolved stars that develop convective 
envelopes as thick as 95% of the stellar radius. 
The associated gravity waves might counter- 
act the acceleration of the contracting core 
toward the end of the stars life. By creating an 
oscillating shear deep inside the star, the 
‘waves may also modify nuclear burning in the 
late stages of evolution. This could help solve 
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long-standing puzzles about the chemical pat- 
terns observed in stars at the end of their lives. 

Step by step, gravity waves are gaining 
credibility among stellar physicists. First 
invoked in the synchronization of binary stars 
(9, 10), they were soon suspected to transport 
particles (//-15).A major breakthrough was 
made 10 years ago when the impact of waves 
on angular momentum was demonstrated 
(16, 17), providing a beautiful solution to the 
problem of the solar intemal rotation (6). We 
are now in a new era in which gravity waves 
are becoming a key ingredient of modern 
stellar models, 
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How Does Radiation Damage 


Materials? 


Brian D, Wirth 


diation on the properties of materials 

have been recognized and studied for 
over 60 years (1). These effects ean be detri- 
‘mental (as in structural materials degradation 
in nuclear reactors) of beneficial (as in the ion 
beam processing of semiconductors for 
the microelectronics industry), However, the 
microscopic processes that underlie these ef= 
fects are not entirely understood, limiting re- 
searchers" ability to predict the consequences of 
irradiation, The reports by Arakawa etal. (2) 
‘and Matsukawa et al. (3) in this issue highlight 
the limits of knowledge about nanometer-sized 
dislocation loops in materials, The results 
should stimulate additional research to better 
understand these phenomena and to use the 
‘unique diffusion behavior to pattern materials 
at the nanoscale, 

Atomic-scale computer simulations are 
now routinely used to study the radiation- 
induced formation of “Frenkel p: (in which 
an atom or ion leaves its place in the lattice, 
leaving a vacancy, and lodges nearby in the 
crystal, becoming an interstitial) and the behav 
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ior of clusters of these defects, Frenkel pair 
formation occurs in displacement cascades, 
involving a chain of atomic collisions after a 
high-energy particle collides with a lattice 
atom. Molecular<lynamics (MD) simulations 
‘can study radiation damage cascades produced 
by high-energy (> 20 keV) collisions as well as 


Prismatic dislocation loops. The stacking sequence 
‘of crystalline planes demonstrating prismatic dis- 


location loops formed from the clustering of the dise- 
shaped platelets of (left) two layers of interstitial, 
(amide) two layers of vacancies, and (right) a single 
vacancy layes. na prismatic loop, the Burger's vector, 
which indicates the atomic displacement of the lattice, 
‘is perpendicular to the line direction of the loop 
periphery. The dislocation loops denoted in the left 
‘and middle panels have a perfect Burger's vector, 
‘which maintains the ABAB stacking sequence through 
the loop. The dislocation loop inthe right pane has 3 
faulted Burger's vector; thus, the ABCABC stacking 
‘sequence is disrupted by the loop. 
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Two experimental studies shed light on 
the dynamic behavior of the defects 
created by radiation damage in materials, 


the structures and dynamics of defect clusters 
containing hundreds of vacancies or intersti- 
tials (4-6). These studies reveal that both inter= 
stitial and vacancy clusters, containing 20 or 
‘more point defects, directly form in the dis- 
placement cascades. 

‘The interstitial, as well as vacancy, clusters 
can form prismatic dislocation loops (see the 
figure). In both body-centered cubic (BCC) 
and face-centered cubic (FCC) materials, the 
prismatic interstital-type loops have a perfect 
Burger's vector, whereas prismatic vacancy 
type loops in FCC materials can be perfect or 
faulted, Vacancy cluster behavior is further 
complicated because loop, as well as void of 
stacking fault tetrahedra configurations are pos- 
sible. The types of vacancy clusters formed dur- 
ing irradiation depend on the relative formation 
‘energies, which are known, and the kinetics of 
‘vacancy cluster evolutions, which are not fully 
understood. 

MD studies of prismatic dislocation loops 
‘show that interstitial loops can diffuse along the 
direction of the Burger's vector without an 
applied stress (thermally-induced diffusion) 
(5-7). The loop diffusion is one-dimensional 
along the Bunger’s vector and is characterized 
bya standard Arthenius diffusivity. Loops in 
BCC metals, like iron, containing as many as 
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100 interstitials diffuse with a low activation 
energy and a pre-exponential factor that 
decreases with increasing loop size. Similar 
diffusion behavior occurs in FCC metals like 
copper, although loop diffusivity decreases for 
loops containing more than about 50 intersti- 
tials because the perfect dislocation separates 
into partial dislocations bounding a stacking 
fault. ow simulations of perfect vacancy loops 
have been performed, because they are not 
believed as mobile as interstitial loops. 

Molecular dynamics simulations of intersti- 
tial loops containing more than a few hun- 
dred interstitials have not been performed. 
This is because loop migration is expected to 
decrease to zero as the loop size approaches 
that of dislocation lines observed in unirradi- 
ated materials. Such “conventional” disloca- 
tions, in the form of lines rather than loops, do 
not move without an applied stress. However, 
the size at which thermal diffusivity ceases is 
‘not well known. In the larger size limit, it is well 
known that the motion of dislocations in 
response to an applied stress controls the 
‘mechanical behavior of metals. Infact, the ser- 
rated or saw-toothed stress-strain response of 
BCC metals in tension tests is explained by the 
interaction of dislocations with nearby impu- 
rity atoms like carbon and nitrogen, The impu- 
rity atoms surrounding dislocation are termed 
"Cottrell atmosphere” (3), and the repeated 
‘motion of the dislocation away from the atmo- 
sphere, followed by diffusion of the impurities 
to, the dislocation, explains the observed stress- 
strain behavior. 

On page 956 of this issue, Arakawa eral (2) 
show that interstitial-type dislocation loops 
‘with sizes between 6 and 20 nm undergo ther- 
‘mally induced one-dimensional diffusion in 
BCC iron witha constant 1.3 eV activation bar- 
rier, independent of loop size. The authors pro- 
pose that the loop diffusivity is controlled by 
the interaction with interstitial impurity atoms 
akin to the Cottrell atmospheres, 

In some sense, these results agree with cur- 
rent knowledge, namely one-dimensional dif 
fusion of dislocation loops controlled by the 
collective motion of dislocations and impurity 
atoms. However, these loops are larger than 
‘observed in MD simulations and yet quite 
small compared with conventional disloca- 
tions. Additionally the activation energies and 
pre-exponential factors of loop diffusivity are 
larger than in MD simulations, and itis unclear 
whether the thermal diffusion of dislocation 
loops and impurities occurs by the same mech- 
anism as the stress-driven coupled diffusion of 
Cottrell atmosphere. 

(On page 959 of this issue, Matsukawa and 
Zinkle (3) demonstrate that prismatic vacancy- 
type dislocation loops with sizes between 2 and 


3.4:nm undergo thermally induced one-dimen- 
sional diffusion in gold. The authors did not 
quantify the loop diffasivity, but estimate an 
activation energy of ~0.22 eV. The observation 
confounds the perception of low diffusivity and 
requires new knowledge to determine the diffix- 
sion mechanism. Additionally, and perhaps 
more surprising, the authors observe direct 
transformation ofa perfect, prismatic loop into 
stacking fault tetrahedron, Sucha transforma- 
tion, and the mechanism by which it occurs, 
have received limited study. 

Taken together, these results expand the 
knowledge of dislocation loop behavior, and 
raise new questions about the size dependence 
of loop diffusion, the mechanisms controlling 
loop and impurity imeractions, as well as possi- 
ble transformation mechanisms between defect 
cluster configurations. This will motivate addi- 
tional theoretical, computational, and experi- 
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‘mental investigations. Yet, in this age of nano- 
materials, where manipulation of the arrange- 
‘ment and ordering of materials across nano- 
‘meter length scales is becoming routine, the 
articles should also stimulate innovative strate- 
gies to patter, or self-organize, defects and 
solute structures as a result of one-dimensional 
liffusion, leading to tunable material properties. 
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Enhancing Colloids Through 


the Surface 


Erik C, Nelson and Paul V. Braun 


‘Advances in colloidal surface chemistry are enabling new shapes, structures, and methods of 
assembly, as well as new routes to high-performance devices. 


olloidal particles are used in many 

consumer and industrial products, 

from cosmetics and pharmaceuticals 
to adhesives and paints. In these applications, 
the colloidal particles are usually spherical 
and have homogeneous surfaces. If their 
assembly could be influenced by manipulat- 
ing the surface chemistry of the particles, 
new opportunities for colloidal materials 
could emerge. For example, proposed pho- 
tonic applications—as chemical sensors, 
optical filters, or interconnects—could be 
alized if colloidal crystals could be assem- 
bled into new symmetries with large, defect- 
tolerant photonic band gaps. Surface-modi 
fied colloids and colloidal crystals may also 
be used in biological, microelectronic, and 
catalytic applications. 

In a traditional colloidal system, the col- 
loid surface is coated with charged moieties, 
which stabilize the colloids in solution. Upon 
drying, a close-packed colloidal crystal up to 
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hundreds of layers thick with varying defect 
densities may form. Most colloidal systems 
pack into a face-centered cubic structure, but 
oppositely charged colloids can form ionic 
crystals (7), To create even more complex 
structures, the colloidal particles must exhibit 
directional interactions. This can potentially 
be achieved by chemically modifying specific 
regions of the colloid surface, 

Systems with chemical anisotropy have 
great promise for forming new structures 
with otherwise unattainable properties (2), 
Theoretical studies by Zhang er al, indicate 
that colloids with four attractive patches on 
the colloid surface that form the corners of a 
tetrahedron can self-assemble from a disor- 
dered state into a crystal with diamond sym- 
metry (see the first figure) (3). This structure 
is of great interest for photonic applications 
because of the large photonic band gap it has 
been proposed to possess. This structure has 
yet to be realized through self-assembly, 
ibut recent experimental advances in synth 
sizing and assembling colloids with chemi 
cally distinct patches may soon make thi 
goal achievable. 

For example, itis now possible to synthe 
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size “Janus” particles with chemically distinct 
hemispheres. However, synthesis is only the 
first step toward enhancing the function of 
colloidal systems. Assembly must also be 
controlled, posing potentially more difficult 
problems. Such Janus colloidal particles have 
‘been shown to form minimum-energy clusters 
of 2to 12 colloids (4), but these clusters have 
not yet been shown to assemble into a macro- 
scopic crystal, Colloids with more complex 
patches have been patterned using multilayer 
colloidal crystalsas aphysical mask; however, 
the yieldsare low, and itis not obvious how the 
processcan be scaled up to sufficient volumes 
of particles to study assembly (5). In another 
approach, microspheres of like charge were 
‘bound together with nanoparticles of opposite 
chargeto form clusters of two to nine colloids. 
The loading of nanoparticles was varied to 
adjust the cluster surface from mostly bare 
to predominantly nanoparticle-covered (6); 
‘assembly of these particles has 

yet to be explored. 

But it remains highly 
challenging to assemble 
‘more complex objects or to 
form assemblies with long~ 
range order. There have been 
successes in directed assem 
bly of colloids into large- 


Colloidal diamond structure 


‘Toward novel structures. in a theoretical study, 
Zhang et al have shown (3) that it may be possible 
to form diamond structures from colloids with four 
attractive patches. One possible functionalization 
to create the attractive interactions is DNA. 


scale structures. For example, Dinsmore er al. 
created complex structures by assembling col- 
loidal crystal shells at interfaces in a water-oil 
emulsion (7). These “colloidesomes” have 
controlled pore sizes that can be used to selec- 
tively allow permeation of the shell by vari- 
‘ous molecular species. In another study, 
Hermanson er al, used dielectrophoresis to 
assemble metallic colloids into selfrepairing 
conductive wires with millimeter-scale order 
(8). These approaches to assembling large- 
scale structures are promising, but do not yield 
structures with local order. Ligand-directed 
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— Single-stranded DNA 
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assembly may potentially ° assembly. For example, pho- 
Provide the specificity of Q @ © toswitchable surface chem- 
orientation necessary to °,, istry can also control the spa- 
impart both the desired @ ae tially defined adsorption of 
local and tong-range OQ © colloids onto a surface (15). 
structure, ee° Photoswitchable colloids 
DNA is an ideal lig- - could, for example, be used 
and for directing assem-Postney[‘P 2 negriney as switchable filters in 
bly because of its high Ley G, ~ huved microfluidics, in sunscreens 
specificity, reversibility, ‘or cosmetics that change upon 
and unique ability to Switchable systems. Oppositay charged ight exposure, or as paints that 
assemble structures over binary colloidal systems have been shown thicken upon application. 
both the nanometer and 1 #ssemble into unique ionic structures Atehough advances have 


the micrometer scale. 
DNA hybridization has, 
for example, been used 
toassemble gold nano- 
particles (9) and micro- 
meter-scale polystyrene 
colloids (/0). Biancaniello and co-workers 
have even formed small colloidal crystals 
through DNA-directed assembly 
‘of polystyrene microspheres 
(11). These initial demonstra- 
tions were rather simple, but it 
should be possible to form 
‘much more complex structures 
through DNA-directed assem- 
bly. The reversibility of DNA 
hybridization may even allow selec 

tive defect removal. 

Although cotloids with homogeneous 
coatings of molecules having binding speci- 
ficity, such as DNA, have been synthesized. it 
‘was not until recently that individual reactive 
molecules were patterned on precise locations 
of the colloid surface. By placing individual 
reactive molecules at the poles of gold parti- 
eles, DeVries et al. formed monomers that 
could be polymerized into linear nanoparticle 
chains (72). The authors first coated the col- 
loid with a self-assembled monolayer and 
then exchanged the molecules at the poles of 
the colloid with reactive, functional mole- 
cules. This exchange occurs specifically at the 
poles of the spherical particle, where the self 
assembled monolayer is unstable and easy to 
exchange. Similar nanoparticle chains have 
shown great potential for optical devices, such 
as waveguides (/3). 

In an interesting new approach for using 
surface chemistry to enhance the function of 
colloids, Plunkett and co-workers have syn- 
thesized colloids with reversibly photoswitch- 
able surface charge. Upon irradiation, these 
colloids convert from an aggregated, oppo- 
sitely charged structure to a dispersed, like- 
charged system, a first step toward photore- 
versible colloidal crystallization (see the sec- 
ond figure) (14). Such photoswitchable sys- 
tems are a general route to driving colloidal 


Colloidal 
tetrahedron 


(), Through appropriate surtace chem- 
{stries, it may prove possible to create 
photoswitchable binary systems, which 
an convert between binary crystals and 
colloidal fuids when irradiated with ight 
of diferent wavelengths Uy, fv). 


been made in controlling 
colloidal surface chemistry, 
critical challenges. remain 
before exciting applications 
may be realized. There is stil 
‘no good route for the bulk 
synthesis of site-specific patterned colloids. 
Exact control of patch size and location is 
difficult. General patch functionalization 
schemes need to be developed. Reversible 
interactions will also be necessary to remove 
defects. Here, photoswitchable systems 
show promise. As functionalization strategies 
mature, investigations into the assembly of 
chemically modified colloids should provide 
important feedback to determine the require- 
ments for specificity, binding strength, range 
of interactions, and reversibility necessary to 
achieved the desired interactions and assem 
bly through chemical modification of the col 
Joid surface. Success should yield new materi 
als for photonic and electronic applications, 
‘consumer products, and industrial systems 
due to the unique properties enabled by sur- 
face-modified colloids. 


References 

2. ME Leunisen eta, Nature 437,235 (2008). 

2, S.C. Goer, M. Solomon, Mat. Mater 6, 957 
2007) 

3. ZL Zhang, AS. Keys T.Chen, $C. Glote, Langmuir 
24, 11547 (2008), 

4. L Hong, A. Cacit,E. Lute, 5. Granich, Mano Lt. 6, 
2510 (2006). 

‘5. G-2hang, W.Dayang, H.Mahwald, Nano ett 5,143 
(2005) 

{6 YS. ioe al. j.Am. Chem S06. 127, 15968 (2005), 

7. A.D. Dinsmore eal, Scence 298, 1006 (2002) 

8. K-D.Mermanionet al, Science 294, 1082 (2000), 

9. CA Miia RL Letsinge, RC. Muck.) }. Stora, 

ature 382,607 (1996) 

Liam, AL Hidessen, J.C Crocker, Graves, 

LA. Hammer, Langmuir 39, 10317 (2003). 

P-L Biancaniello, A.) Kim, J.C. Crocker, Pls Rev, 

eat 94, 058902 2005). 

GA Dees eta, Science 325,358 2007), 

S.A Maier fa, Mat Mater. 2,229 (2003) 

CN. Plunket, A Mohvar, RT, Haach JA Lewis 

1.5. Moore, jam Chem, Soc. 127, 14574 (2008). 

1M rec, MLC George, N.S. Bell PV. Braun Langmuir 

22,1379 2006). 


10.1126/ence 1148009 


SCIENCE VOL318 9 NOVEMBER 2007 


925 


| PERSPECTIVES 


926 


CELL SIGNALING 


mTOR, Unleashed 


Christopher G. Proud 


he enzyme mammalian target of 
[ rapamycin (mTOR) integrates many dif 
ferent cellular signals to control cell 
growth and proliferation, protein synthesis 
and breakdown, and other processes. Dystegu- 
lation of mTOR is implicated in a range of 
hhuman diseases, including cancers and cardio- 
‘vascular conditions (J, 2). Although analogs of 
the compound rapamycin (rapalogs) are in use 
or in clinical trials to treat such diseases, the 
‘means by which signaling through mTOR is 
controlled are not well understood, On page 977 
of this issue, Bai et al. (3) make an important 
contribution to understanding how mTOR 
is turned on. 

The drug rapamycin inhibits signaling 
linked to mTORC! (4), a multiprotein com- 
plex that contains mTOR. mTORC! signaling 
is activated by insulin and growth factors as 
‘well as by amino acids. The latter makes phys- 
iological sense: mTORCI activates protein 
synthesis, for which amino acids are the pre- 
cursors. However, itis still unclear how amino 
acids switch on mTORC! signaling. More- 
over, we still don’t understand how rapamycin 
interferes with mTORC! function beyond the 
fact that when in a complex with the protein 
FKBP12, the drug binds to mTORCI 

We know rather more about how insulin 
activates mTORCI. Rheb, a small guanosine 
triphosphate (GTP)-binding protein, interacts 
with mTORCI (5, 6). Only in a GTP-bound 
state (Rheb-GTP) will it activate mTOR’ enzy- 
‘matic activity (phosphorylating target proteins 
‘on serine and threonine residues) (7). However, 
itis puzzling that mTOR binds both to Rheb- 
GTP and to Rheb that is bound to guanosine 
diphosphate (GDP); moreover, the latter (Rheb- 
GDP) actually binds better to mTOR. For other 
small GTP-binding proteins, such as Ras, GTP 
enhances binding to targets or “effectors” The 
apparently perverse behavior of Rheb suagests 
that Rheb-GTP does not activate mTOR by 
directly binding to it—in other words, that 
mTOR is not the tue effector for Rheb-GTP. 

‘What, then, is the functional relationship 
between Rheb and mTOR? Bai et al. identify 
the protein FKBP38—a mitochondrial mem- 
brane protein—as a direct binding partner for 
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Endogenous mifOR inhibitor. The mitochondrial protein FKBP38 and 
the FKBP12-rapamycin complex each bind to mTOR (as part of 
‘nTORC1) and inhibit signatng that promotes cel growth and prolife- 
‘ation. GTP-bound Rheb binds to FKBP38 and induces the release and 
activation of mTOR Risnotyetknown whether these interactions occur 
atthe mitchondeia 


Rheb, both in a screen for protein interactions 
(yeast two-hybrid system) and in cultured 
mammalian cells. The authors show that 
FKBP38 binds to mTOR within the complex 
mTORCI. They also demonstrate that inter- 
action with FKBP38 displays characteristics 
expected of an effector of Rheb. For example, 
Rheb that is bound to a GTP analog associates 
with FKBP38 much better than does Rheb- 
GDP, whereas a mutant form of Rheb that 
does not bind to GTP cannot bind FKBP38, 
‘These data suggested that FKBP38 may 
work with Rheb to control mTORC1, but in 
‘what way? Bai etal. found that overexpressing 
FKBP38 in cultured mammalian cells de- 
creased the phosphorylation of ribosomal pro- 
tein S6 kinase (S6K) and 4E binding protein 
1 GE-BPL), two well-known targets of 
mTORCI (7). These effects were reversed by 
overexpressing Rheb. FKBP38 thus appears to 
inhibit mTOR and this inhibitions counter- 
acted by Rheb. Furthermore, Rheb-GTP de- 
creased the binding of FKBP38 to mTOR in 
vitro, Treating cells with serum, which contains 


‘A mitochondrial membrane protein links two 
parts of a signaling pathway that is central to 
cell growth and proliferation, 


growth factors, activated mTORCL 
signaling, and this was associated 
with decreased binding of FKBP38. 
to mTOR, Thus, FKBP38 is an 
endogenous inhibitor of mTOR, 
and Rheb-GTP apparently induces 
thereleasc of FKBP38 fiommTOR, 
thereby activating mTORC! signal- 
‘ing (sce the figure). 

This model provides a much- 
needed explanation for the abilities, 
of Rheb-GTP, and in tum insulin, to 
activate mTORC!: By promoting 
the formation of Rheb-GTP (8), 
insulin alleviates the inhibition of 
mTORCI by FKBP38. FKBP38 
binds to a region of mTOR 
that apparently overlaps with 
another mTOR region that binds to 
the FKBPI2-rapamycin complex. 
FKBP12-rapamycin precludes the 

) binding of FKBP38 to mTOR, 
likely asa resultof mutual competi- 


tuting” for FKBP38. Interestingly, 
aan carlier study (9) identified 
FBP38 as playing a role in con- 
trolling cell growth by the tuberous 
sclerosis complex proteins, which 
negatively regulate Rheb and mTOR! (8). 

However, the link between mTOR and 
Rheb elucidated by Bai er al. does raise 
some questions. It remains unclear how 
FKBP38 and FKBP12-rapamycin inhibit 
mTORCI signaling. For example, it is 
debatable whether FKBP12-rapamycin 
causes the dissociation of the mTORC! 
complex (/0) oF not (11). Because FKBP38 
can be isolated from cells together with 
components of mTORCI, it seems that 
FKBP38 impairs mTORC! signaling with- 
‘out disrupting this complex. Also, FKBP38, 
inhibits the effects of mTORC! that are sen- 
sitive to rapamycin (such as S6K phospho- 
rylation) but does not inhibit downstream 
‘events that are insensitive to this drug, such 
as the phosphorylation of certain sites in 4E- 
BPI (/2). [tis unclear why this is so. 

Can FKBP38 and its control by Rheb 
explain the regulation of mTORC! by amino 
acids? Earlier studies showed that aminoacids 
promote Rheb-mTOR interaction without 
altering the amount of Rheb-GTP (13). The 
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data of Bai et al. indicate that amino acids 
decrease the FKBP38-mTOR interaction and 
increase binding of FKBP38 to Rheb-GTP_ 
consistent with FKBP38 involvement in 
amino acid control of mTORC!. However, 
decreasing the amount of FKBP38 in cells did 
not prevent the dephosphorylation of 4E-BPL 
that occurs when cells are starved of amino 
acids. This suggests that the control of 
mTORCI signaling by amino acids does not 
require FKBP38, 

‘Although there are still important gaps in 
our understanding of mTOR signaling, the 


identification of FKBP38 as a regulator of 
mTOR clarifies previous observations about 
signaling events in this pathway. This is 
good news for developing alternative drugs 
that are not rapalogs to treat diseases that 
involve mTOR. 
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COMPUTER SCIENCE 


Is There Progress on Talking 
Sensibly to Machines? 


Yorick Wilks 


ince the earliest days of computing, 
Se have sought ways to communi- 

cate with computers in “natural” lan- 
‘guage, rather than program them in symbolic 
languages like FORTRAN and C. In the 
1960s, MIT researcher Joseph Wetzenbaum's 
ELIZA program was an entertaining simula- 
tion of a Rogerian therapist (/). ELIZA took 
‘words you had used and played them back, as 
in: “Tell me why you feel like that about your 
family?” It is an irony of the brief history of 
machine dialog programs that ELIZA is 
remembered and PARRY is not. PARRY ran 
on the early ARPAnet at Stanford in the late 
1960s and was designed by Kenneth Colby, a 
psychiatrist who wanted to model paranoiacs 
and their beliefs (2). PARRY was paranoid 
about the Mafia, horse races, track betting, 
and Italian-Americans; if anything you typed 
could be linked to them, it would spew out a 
paragraph of invective, 

PARRY was more fun than the better: 
remembered ELIZA, and is another example 
of the “Betamax principle” (3). PARRY was 
based on nothing that could be calleda theory; 
it was closer in spirit to the principal approach 
for studying machine dialog today, which 
could be captured as “bigdata + small theory” 
That is, PARRY had a tiny matching program 
and a very large set of hand-crafted data: 
about 6000 patterns it tried to match to what- 
ever was typed to i 

In the PARRY/ELIZA years, artificial 
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intelligence research typically took logic to be 
the core of machine intelligence, and linguis- 
tics was still strongly influenced by Noam 
Chomsky at MIT; both Al and linguistics 
assumed that small sets of axioms or grammar 
rules explained large sets of data, ic, proved 
theorems or sentences. But neither approach 
actually had any real data at all, only a few 
made-up examples, whereas PARRY at least 
had the large set of patterns made up by its 
researchers. Any match found pointed to a set 
of possible replies. This kind 

of an approach was, and is, 

anathema to Chomsky, who 

said that data gathering is like 

pre-Galilean physics and can 

have no role in formal fin- } 
guistics (4). The underlying 


‘Several research projects are closing in on ways 
to allow humans to effectively communicate 
with machines in natural language. 


words of parliamentary proceedings in paral~ 
lel English-French text, The method was a sta- 
tistical one that learned from the parallel text 
data what translation was but without creating 
any rules at all, This was the first important 
work in applying machine learning to lan= 
guage processing. Jelinek and his co-workers 
\werenot completely successful, butthey hada 
success rate of about 50% in translating sen= 
tences that the program hadn't seen befo 
The field has now settled intotwo main tra- 
ditions of research on how to 

produce machine conversa 

tionalists. Both schools take 

successful work on speech 

engineering, with data derived 

from recorded conversations 

(often on the phone), and seck 


problem with machine dialog, ’ toderive structures and rules to 
viewed asa technology, was manage machine dialogs. One, 
that programs based on logic represented by researchers like 
or on formal linguistic gram- Steve Young at Cambridge 
mars had had little success University assumesthat machine 
for more than 40 years in a earning methods from speech 
producing usable computa- : processing can be trained to 
tional artifacts. ~~ FP) manage diatogs directly, with- 

All this changed in 1990, out intermediate quasi-linguis- 
with the astonishing success Conversational companion. The tic structures (6). The second 


of Frederick Jelinek’s team at 
IBM (5). Originally speech- 
processing engineers work- 
ing on the automatic tran- 
scription of speech into writ- 
ten form, they decided to 
apply their data-driven meth- 
ods to machine translation, 
using as data 200 million 


Nabaztag rabbit (12) shows the 
feelings of a remote sender by 
speech, changing colors, and 
moving its ears. The speech is 
‘generated via a wireless Internet 
Connection from typed input at a 
Web site. As an initial incamation 
cof a companion, the Companions 
project (9) has adapted Nabaztag 
‘to recognize speech as well. 


follows the route Jelinek later 
took and tries to recapitulate 
those linguistic structures but 
empirically, using machine 
learning, rather than making 
up rules, as linguists tradition- 
ally did (7). 

Those in the latter camp 
currently believe thatthe infor- 
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mation required to automatically transcribe 
speech to written text is simply insufficient for 
the larger task of creating a machine conversa- 
tionalist that “understands.” For example, if 
someone says something that contradicts his 
or her earlier statement, we would expect a 
plausible machine conversationalist to spot it. 
Without some structure and memory, however, 
it ishardto see how a system could check state- 
‘ments for consistency. One could never expect 
to earn to do that simply from data: We just do 
not see or hear enough sentences to have previ- 
‘ously encountered all the inconsistencies that 
‘we could spot immediately. 

At the moment, people encounter machine 
conversationalists only in recreational chat- 
bots on the Web, or in simple phone transac- 
tions such as ordering travel tickets. But 
research systems are already much better than 
that, and the range of projects expected to 
deliver usable prototypes has expanded in 
recent years, These efforts range from the 
Defense Advanced Rescarch Projects Agency's 
Cognitive Assistant that Learns and Organizes 
project(8)to the European Commission's new 
‘Companions project (9) to create a long-term 
conversational partner (sce the figure). Such a 
‘Companion would learn its person’ likes and 


PHYSIOLOGY 


dislikes, carry out Web-related tasks accord- 
ingly, and prompt reminiscences about the 
person's photo collection so as to build up his 
orher life story through conversation (10). 

Researchers generally agree that although 
these large goals need more research, speech 
recognition technology is still not accurate 
enough to build a reliable machine partner 
capable of understanding what we say, unless 
ithasa considerable amount of stored know!- 
edge to enable it to understand; mere reactive 
chatbots will be no more help than ELIZA 
was. The current paradigm split in research is 
about how it will be possible to capture and 
store knowledge and language experience in 
large enough detail and volume to build such 
assistants, outside of very small domains 
such as recording a complicated pizza order. 
A long-term assistant to an astronaut on a 
voyage to another planet, or one to help eld- 
erly people recover their past through conver- 
sation and organize it in text and images, is a 
much larger goal, and one that will require 
better machine learning techniques than have 
been deployed so far. 

The crux of the current research issue is 
this: Will a successful technology end up 
recreating by means of automated learning 


An Integrative View of Obesity 


Brent E, Wisse, Francis Kim, Michael W. Schwartz 


mates that atleast | in 10 adults world 

wide are obese, and in some western 
countries, a far greater percentage (25% or 
more) is affected (/). Obesity is a serious con- 
com because it increases the risk of candiovas- 
cular disease, type 2 diabetes, and some can- 
cers, among other health problems. Theevolu- 
tion of public health policies and treatment 
options depends upon an improved under- 
standing of how genetic and environmental 
factors interact to favor weight gain, and how 
excessive weight disrupts metabolism. But 
getting at the causes of obesity and related 
‘metabolic disorders isa formidablechallenge, 
in part because so many body systems are 
affected. Because disturbances in one organ or 
tissue can compromise the function of several 
others, separating cause and effect isoften dif- 
ficult. Yet common themes are emerging that 


T: World Health Organization esti- 
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‘may offer a new viewpoint. Among these is 
the notion that metabolic dysfunction arises 
from exposure of the body's cells to an excess 
of nutrients (2). A possible extension of this 
view is that although the cellular conse- 
quences of nutrient excess are similar across 
diverse cell types, the shared nature of the 
‘underlying cellular responses can be obscured 
by the complexity of the events they initiate. 
In this light, successful identification of 
shared cellular responses that underlie disease 
requires a broad and integrative approach that 
‘may ultimately reveal more effective obesity 
treatment strategies. 

Fundamental to understanding obesity is 
the fact that, like body temperature, body fit 
stores are ordinarily maintained within a nar- 
row range through a process called “energy 
homeostasis.” This process involves brain 
areas that control appetite and energy metabo- 
lism, as well as signals that circulate through- 
‘out the body. conveying information about the 
status of body fuel stores. Among the latter are 
nutrients themselves, such as glucose and free 


‘much of the linguistic and logical content that 
‘was abandoned in the 1990s? That might be 
closer to what our own cognitive structures 
seem to be. In any case, language data will 
remain central, and the World Wide Web has, 
‘as an unexpected benefit through chat rooms, 
provided researchers with potentially infinite 
resources of data on human conversations, 
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‘Comparisons of responses of various cell types 
to excess nutrients are yielding patterns that 
‘may provide insight into the causes and 
consequences of obesity. 


fatty acids, and hormones, such as insulin and 
leptin (3), Specialized neurons in the hypo- 
thalamus and other brain areas sense these 
factors and contro! both metabolic rateand the 
desire to eat. When circulating concentrations 
of these signals decrease due to weight loss, 
the drive to eat inereases and energy expendi- 
ture declines, favoring the recovery of 
depleted fuel stores. Conversely, when food is 
consumed in amounts that exceed energy 
requirements, the circulating concentrations 
of these signals increase. In this way, homeo- 
static response mechanisms in the brain are 
poised to protect the body against changes in 
fat stores or swings in nutrient availability. 
Thus, obesity does not simply arise from the 
passive accumulation of excess weight; rather, 
it involves the active defense of an elevated 
level of body fat, and deciphering the causes 
of obesity should take this into account. 
Certainly, individual genetic makeup may 
contribute to variations in the capacity to 
‘mount these responses, and may explain why 
some people are protected against weight gain 
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while others are not, despite living in the same 
environment and eating the same food. 

‘When energy intake exceeds energy expen 
liture, the resulting state of nutrient excess can 
trigger responses in many cell types—endothe- 
lial cells (vascular) (4), hepatocytes (liver) (2), 
Myocytes (muscle) (5), adipocytes (fat) (2), and 
‘monocytes or macrophages (immune cells) — 
that could give rise to metabolic dysfunction. 
Among several adverse cellular responses to 
nutrient excess is the production of reactive 
‘oxygenspecies. These moleculesare generated 
during fuel (¢.g., glucose or five fatty acids) 
‘oxidation by mitochondria and from metabolic 
processes elsewhere in the cell. Excessive pro- 
duction of these molecules creates “oxidative 
stress" which can damage cellular structures 
and trigger an inflammatory response (2). 

In some cells, nutrient excess also impairs 
functioning of the endoplasmic reticu- 

Jum (which processes newly synthe- 

sized proteins into their mature forms), 
giving rise to the “unfolded protein 
response” in this onganelle. Like reac- 

tive oxygen species, this response can 
induce inflammation. A third cellular 
response to nutrient excess is the acct 
‘mulation of long-chain fatty acyl coen- 
zyme A molecules, fatty acid derivatives 
thatare ordinarily oxidized by mitochondria 

to generate adenosine 5'-triphosphate (which 
powers many cellular processes). Making mat- 
ters worse is a decrease of mitochondrial activ- 
ity in response tonuttient excess, Thiscreates a 
vicious cycle by further raising the concentra- 
tion of these faty acid derivatives (5). 

Each of these responses share the ability to 
activate signaling pathways (such as the c-Jun 
Neterminal kinase and the inhibitor of kappa B 
kinase beta-nuclear factor kappa B pathways) 
(2, 4-6) that promote inflammation. Thus, 
inflammation appears to be a common end- 
point. In turn, inflammation can limit further 
‘exposure to nutrients by blocking the action of | 
insulin (2, 5), the hormone that stimulates tar 
get cells to take up nutrients. The enzyme phos- 
phatidylinositol 3-OH kinase (PI3K) ispartofa. 
cell signaling pathway [the insulin receptor 
substrate (IRS)-PI3K pathway] that mediates: 
insulin action and is particularly sensitive to 
inactivation by molecules that promote inflam- 
‘mation, From the perspective of an individual 
cell, this protective response— insulin resist- 
ance—makes sense in that it limits further 
‘nutrient uptake, With continued nutrient ex- 
cess, however, neighboring cells and distant 
tissues that remain insulin sensitive are placed 
at greater risk. As insulin resistance progresses 
and inflammation worsens, a vicious cyele can 
evolve as additional pro-inflammatory factors 
‘are recruited by these cells (2). 
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In addition to regulating nutrient utiliza- 
tion in peripheral tissues, IRS-PI3K signaling 
is also implicated in the neuronal actions of 
insulin and leptin (3). As in peripheral tissues, 
the integrity of neuronal IRS-PI3K signaling 
can be undermined by nutrient excess (7). 
Studies in rodent models indicate that even 
short-term exposure to a highly palatable, 
energy-dense diet impairs the brain's 
response to insulin and leptin, and reduced 
IRS-PI3K signaling may be among several 
mechanisms responsible for neuronal resist- 


petabolic sorter, 


ance to these hormones (7, 8). Having lost its 
ability to detect an ongoing increase in body 
fat stores, the brain seemingly does nothing to 
counter it; rather, it actively defends what it 
perceives to bea stable, unchanging amount 
of body fat (9). Thus, impaired IRS-PIK sig- 
naling in the hypothalamus may be a factor 
that contributes to the defense of elevated 
body weight and hence to continued exposure 
to nutrient excess (3). 

Might similar cellular responses to 
nutrient excess contribute to the link 
between obesity and type 2 diabetes? If 
inflammation and reduced IRS-PI3K sig- 
naling were also to occur in pancreatic B 
cells (which produce insulin), as has been 
suggested (6), impaired insulin secre- 
tion—which, when combined with insulin 
resistance, leads to type 2 diabetes—could 
result, because IRS-PI3K signaling is 
essential for the survival of these cells (6). 
This concept extends “the B cell exhaus- 
tion” hypothesis (10), which states that 
type 2 diabetes results when pancreatic B 
cells can no longer mect the heightened 
demand for insulin secretion imposed by 
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insulin resistance. Thus, cellular conse- 
‘quences of nutrient excess similar to those 
that impair the function of other tissues 
could potentially contribute to the link 
between insulin resistance and B cell dys- 
function in diabetes pathogenesis. 

‘Nutrient excess also has deleterious effscts 
‘on vascular tissue. A major function of endothe 
lial cells that line blood vessels isto generate and 
release nitric oxide, a vasodilator. The IRS- 
ISK signaling pathway is akey determinant of 
nitric oxide production and, as in other tissues, 
nutrient excess rapidly induces endothelial 
inflammation. In response, both endothelial 
IRS-PI3K signaling and nitric oxide generation 
‘are inhibited (4). Thus, the response of the vas 

‘culature to nutrient excess is reminiscent of 

that observed in other tissues, and offers a 

plausible link between nutrient excess and. 
cardiovascular disease, 


Common threads. Cellular responses to 
nutrient excess are shared across many dif- 
ferent cell types, and may have common 
‘endpoints that are coupled to the develop- 
ment of obesity and its metabolic conse- 
quences. ER, endoplasmic reticulum, 


impaired IRS-PI3K signal- 
ing is not the single key to understanding 

obesity and its consequences. Rather, this 
defect illustrates how complex manifesta 
tions of metabolic disease could arise from 
responses that are shared across many differ- 
cent cell types (see the figure). In addition to 
research that focuses on one organ or physio~ 
logical system to the exclusion of othe 
‘more integrative approaches for studying 
metabolic disease may ultimately inform 
strategies aimed at preventing or reversing 
obesity and its sequelae. 
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A General Model of Prion Strains 
and Their Pathogenicity 


John Collinge” and Anthony R. Clarke 


Prions are lethal mammalian pathogens composed of aggregated conformational isomers of a 
hhost-encoded glycoprotein and which appear to lack nucleic acids. Their unique biology, allied with the 
publichealth risks posed by prion zoonoses such as bovine spongiform encephalopathy, has focused 
much attention on the molecular basis of prion propagation and the “species barrier” that controls 
‘cross-species transmission. Both are intimately linked to understanding how multiple prion “strains” are 
‘encoded by a protein-only agent. The underlying mechanisms are clearly of much wider importance, 
‘and analogous protein-based inheritance mechanisms are recognized in yeast and fungi. Recent 
advances suggest that prions themselves are not directly neurotoxic, but rather their propagation 
‘involves production of toxic species, which may be uncoupled from infectivity. 


cording tothe widely accepted “protcin- 

only” hypothesis (), an abnormal soform 

of host-encoded cellular prion protein 
(PrP*) is the principal, and possibly the sole, 
‘constituent ofthe transmissible agent or prion (2). 
Iis proposed that this isoform, PrP™, acts as a 
template that promotes the conversion of PrP© 
to PrP™ and that the difference between these 
isoforms lies purely in the monomer conforma- 
tion and its state of aggregation. 

‘The human prion diseases, such as Creutefldt- 
Jakob disease (CID), can arise sporadically, be 
‘acquired by infection, oF be inherited as auto 
somal dominant conditions caused by mutation 
‘of the gene encoding PrP (3), Human prion 
diseases are relatively rare, although they have 
‘occurred in epidemic form as a result of endo- 
cannibalism in recent history in Papua New 
Guinea, and previous epidemics may have o- 
curred in human evolution (4). 

‘Animal prion diseases include endemic serie 
‘of sheep and goats, chronic wasting disease of 
clk and deer, and transmissible mink encepha- 
lopathy (TME). Bovine spongiform encephalop- 
athy (BSE) first appeared in the United Kingdom 
in the mid-1 980s and rapidly evolved to a major 
epizootic estimated to have infected more than 
2 million UK cattle. BSE has since been reported 
from many countries including most European 
Union states, the United States, Canada, and Japan. 
Many new animal prion diseases have since 
‘been identified, mos resulting from infection with 
the BSE agent (3), These diseases can be trans- 
‘mitted between species by inoculation or dietary 
‘exposure, and the recognition of the novel human 
prion disease, variant CJD (vCJD), from the 
‘mid-1990s onward and the experimental confir- 
‘mation that it is caused by the same prion strain 
as BSE (5-7) raised major public-health concams 
(8). Although the number of human cases to date 
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(around 200) has been relatively modest, key un- 
certainties, notably with respect to genetic effects 
‘on incubation period, allied with the widespread 
Population exposure, suggest the need for caution 
(8). Prion infection is associated with prolonged, 
clinically silent incubation periods, which in hu- 
‘mans can exceed 50 years (9), and secondary 
transmission of vCJD by blood transfusion ap- 
pears to be efficient (70), 

Prions have also assumed much wider rele- 
vance in understanding neurodegenerative and 
cathe diseases involving accumulation of mis- 
folded host proteins (“protein-folding diseases"), 
and analogous processes are described in yeast 
and fungi. Central to understinding prion propaga- 
tion remains the conundrum of prion strains 
how a protcin-only infectious agent can encode 
information required to specify distinct disease 
Phenotypes—and also the so-called species 
barrier effect. 

It is hypothesized that prions are self 
Propagating fibrillar or amyloid forms of PrP 
in which the ends of the propagating. fibrils 
constitute the infectious entity and the exponen- 
tial rise in prion titer is a consequence of fiber 
fragmentation (Fig. 1A) (11-14). 


‘The Species Barrier Concept 
Transmission of prion diseases between different 
‘mammalian species is typically far less efficient 
than within spacies; this is known as the “Species 
barrier” (/5). On inital passage of prions from 
species A to species B, typically not all inocu- 
lated animals of species B succumb, and those 
that do so have much longer and more variable 
incubation periods than seen with transmission 
\within the same species, where typically all in- 
culated animals succumb with relatively shor, 
and remarkably similar, incubation periods. On 
subsequent passage of infectivity from B 1 B, 
transmission parameters resemble within-species 
transmissions. 

Early studies argued that the barier resides 
in PrP primary structure differences between the 
donor and recipient species. Transgenic: mice 


‘expressing hamster PrP are, unlike wild-type 
mice, highly susceptible to Sc237 hamster 
prions (16). That sporadic and acquired CJD 
mostly occurs in individuals homozygous at 
polymorphic residue 129 of PrP supports the 
View that prion propagation proceeds most 
efficiently when the interacting PrP** and PrP“ 
are of identical primary structure (3, 17, 18). 
However, prion strain type also affects ease of 
transmission to another species. This issue was 
‘brought into sharp focus by the behavior of the 
new prion strain responsible for catle BSE. This 
strain is highly promiscuous, transmitting eft 
ciently (9 range of species, but maintaining its 
biological characteristics on passage through an 
intermediate species with a distinct PrP primary 
structure (/9) (Fig. IC), Perhaps the most 
striking example of this eame from transmission 
studies of human prion diseases, Transmission 
‘of classical CID prions to conventional mice is, 
difficult or fails, whereas transgenic mice 
‘expressing human (and not mouse) PrP com 
pletely lack a species barrier (6, 20). However, 
YCID prions, despite having a Pr primary 
structure identical 1 that of the classical CJD 
prions, transmit much more readily to wild-type 
mice, whereas transmission to humanized mice 
is inefficient (6). Two strains propagated in the 
same host may thus have completely different 
barriers to another species; “transmission barri- 
ce" may thus be a more appropriate term (8). 


Prion solates, Strains, and Types 

Multiple distinct strains of scrapie were 
isolated that can be propagated in lines of 
inbred mice and distinguished by dis 
incubation periods and patterns of neuro- 
pathology (2/). These strains cannot be 
‘encoded by differences in PrP primary struc- 
ture because they can be serially propagated in 
inbred mice with identical PrP gene (Prop) 
‘coding sequence (Fig. 1B), Furthermore, strains 
can be re-isolated in mice afler passage in 
intermediate species with different PrP primary 
structures (/9) (Fig, 1C), Although distinct 
sirains of conventional pathogens can be ex- 
plained by differences in their nucleic acid 
‘genome, it has been less clear how a poly 
peptide chain could encode multiple disease 
Phenotypes. Some such biologically defined 
prion strains show biochemical differences in 
the propagated PrP“. For two strains of TME 
prions, designated hyper (HY) and drowsy 
(DY) (22), limited proteolysis produced dif- 
ferent PrP** fragment sizes, implying that the 
two strains have different conformations (23). 
Similarly, distinct human PrP™ types have 
been identified by proteolytic fragment size 
and glycoform ratios following proteinase K 
digestion, and these are associated with 
different clinicopathological phenotypes of 
CID (5, 24). To be plausible candidates for 
the molecular basis of strain diversity, such 
biochemical properties need to impose their 
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chanteristics on a recipient PrP whether they 
are of the same ora diferent species. In studies 
‘with human prion isolates, PrP fragment sizes 
following proteinase K digestion sre maintained 
fon passage in transgenic mice (5, 25) and, 
notably, ratios of the three principal PrP glyco- 
forms ane also maintained (5)- Transmission of 
fhuman and bovine prions to wildtype mice 
(expressing murine PrP*) resulted in propagation 
‘of murine PrP* with fragment sizes and glyco- 
form ratios following protease digestion that 
correspond to the original inoculum (5), dem- 
onstrating imprinting of these biochemical 
characteristics onto PrP from another species. 
Indeed, a characteristic molecular signature of 
the BSE prion strain is maintained seross 
several mammalian species, including humans 
(Fig. 10) (5). 
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Further evidence that distinct prion strains 
are associated with different conformation states 
‘of PrP includes differential proteinase K diges- 
tion kinetics; thermal or chaotrope denaturation 
‘curves; conformation-dependent immunoassay; 
infrared spectroscopy and metal binding (26-29), 
and the use of methods to amplify PrP™ or prions 
in vitro that show faithful propagation of strain- 
associated biochemical characteristics (30-32), 
Prion strains are associated with consistent 
ratios ofthe three principal PrP glycoforms, which 
‘can be maintained on serial passage in hosts with 
the same or different PrP sequences (5). How 
might ratios be maintained? One possibility is 
that this reflects different, strain-specific prop- 
gation and clewrance kinetics of un-, mono- and 
ieycoefted Gomes Alena, inde 
fibrils could be composed of a regular 
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repeating sequence of the diferent glycoforms, 
as in a linear crystal. Studies using monoclonal 
antibodies that precipitate native PrP*, together 
with glycoform-specific antibodies, have shown 
that PrP glycoforms sre physically associated in 
4 strain-specific ratio in native PrP (33); such 
¢glycosylation ratios may be important in stabi- 
lizing particular protein conformations, 

A critical test of the protein-only hypothesis, 
both with respect to infectivity and “strain-ness,” 
would be to produce discrete prion strains syn- 
thetically from defined components, Purified, 
bacterially expressed recombinant N-terminally 
truncated mouse PrP has been ageregated into 
fibrillar material and bioassayed in transgenic 
((Tg9949) mice expressing very high levels of the 
same nuneated mouse PrP (/4). After prolonged 
incubation periods, the Tg9949 mice develop a 


FFig. 1. Propagation of prion strains. (A) Prion propagation proceeds by defined inbred mice. Strain-specific PrP fragment patterns following 


recruitment of PrP monomers onto a preexisting PrP polymer template 
followed by fission to generate more templates in an autocatalytic manner. 
Distinct PrP polymer types can propagate, accounting for different strains 
(B) Strains can be differentiated by characteristic incubation periods (length 
‘of arrow) and neuropathology (shaded brain area) when inoculated into species with distinct PrP 
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proteolysis are illustrated in diagrammatic Western blots (vertical bars). 
Both biological and biochemical strain characteristics are closely 
‘on serial passage in the same host expressing the same PrP°. (C) Properties 
of a single strain may be retained after passage in a range of different 
sequences, when re-isolated in the original host. 


tained 
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prion disease transmissible to wildtype and 
‘Tg9949 mice. The transmission characteristics 
at both primary and second passage are con- 
sistent with production of a novel prion strain. 
‘Several “synthetic” prion strains have been de- 
seribed. Evaluating the strain properties of such 
‘synthetic prions on primary and second passage 
is complicated by the fact that primary material 
inoculated into mice lacks the postranslational 
‘modifications PrP acquires in mammalian cells, 
notably Nclinked glycosylation and C-terminal 
xglycosylphosphatidylinositol anchor, while the 
putative prions then propagated in mice would 
be composed of processed mammalian PrP. 
Though undoubtedly a major step forward, 
two key problems arise in the interpretation of 
these experiments, First, primary passage of in- 
fectivity requires transgenic mice with extremely 
high (~16-fold) overexpression of PrP*. Sponta- 
‘ncous development of prion disease-like pathol- 
‘ogy is seen in other transgenic lines with high 
levels of PrP* expression, although this does not 
appear to be transmissible (34, 35). Uninoculated 
‘oF mock-inoculated Tg9949 mice donot appear 
to develop spontancous pathology (/4), although 
ithas not been reported whether infectivity pas- 
ssageable in Tg9949 mice is present in the brains 
of aged un- oF mock-inoculated Tg9949 mice. 
However, itis possible tht these mice ae “poised” 
to develop spontaneous disease and would do so 
if they lived long enough, and that onset of 
disease is simply accelerated oF precipitated by 
inoculation of further PrP. Such a controversy is 
‘not new and continues with respect t interpre 
tation of whether mice expressing high levels of 
PrP containing the murine equivalent (PIOLL) 
fof the human pathogenic PrP mutation PLO2L 
(responsible for one of the inherited prion diseases) 
‘proxluce infectivity spontaneously. Putative prions 
‘produced de novo in such mice only infect mice 
expressing the same mutation at a lower level 
(some of which do develop spontaneous pathol- 
‘ogy at advanced age) (36). Prions may not then 
hhave been transmitted in this experiment; rather, 
this result may have represented acceleration of 
4 spontaneous neurodegenerative disease (37) 
‘The general question, then, is whether the puta 
tive synthetic prions are in fact prions, of simply 
agents that trigger prion production in hosts that 
‘have such high levels of PrP“ expression that they 
are close to developing spontaneaus prion disease. 
‘That is, are the prions generated in the cell-free 
system or only in the host? This is not a purely 
semantic issue. For example, one would protubly 
not want to classify an entirely unnelated agent 
conceivably an environmental stress facto, for 
‘example, that up-regulated PrP expression and 
achieved the same apparent effect—as being a 
“prion.” The solution to this problem would be to 
show infection at first passage of wildtype ani 
‘mals with synthetic prions. This has not yet been 
reported. The second problem relates to infectious 
titer of the synthetic prions. The extremely 
prolonged incubation period at primary passage 
(316 + 27 days) (14) could, as the authors 
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conclude, reflect a prion strain effect. That is, 
the novel strain propagates only slowly in the host 
despite the high PrP substrate concentration, but 
accepting the additional complication that the 
synthetic material lacks posttranslationl modifi- 
cations that may be important for pathogenicity 

However, there is an altemative explanation. 
As a prion isolate is serially diluted toward 
single infectious unit per inoculum, incubation 
periods increase. Therefore, the long incubation 
periods seen with synthetic prions could simply 
reflect a low prion titer. With respect to the key 
issue of elucidating structural properties of prion 
strains, this is of fundamental importance. If the 
principal component of the synthetic material is 
the infectious prion, but they replicate only slowly 
in mice, biophysical studies can be performed to 
determine their structure and physical properties, 
Conversely, if the transmission characteristics 
reflect low prion titer, that would imply that the 
prions are only a minute fraction of the 
recombinant-derived protein, making physical 
and structural studies irrelevant (38). This 
‘question can be resolved, albeit laboriously, by 
serial titration of the synthetic prion inoculum in 
the transgenic mice. If the first interpretation is 
ccomect, the sample may be diluted many fold 
‘and would still produce the same incubation 
period. If the second is correct, even a 10-fold 
dilution is likely t result in nontransmission 
during the life span of these animals. 

‘The recognition that certain heritable tats in 
yeast could be explained by conformational 
Switching and aggregation in two yeast proteins, 
‘Ure2p and Sup3Sp, led to the emergence of the 
field of “yeast prions”: a fungal protein with 
prionlike properties, Het-s, has also been de- 
scribed (39). These proteins have no sequence 
similarity to PrP. While one can argue practical 
distinctions from mammalian prions, which are 
‘considered naturally infectious lethal pathogens, 
the study of these closely analogous phenomena 
has unquestionably led to rapid advances in in- 
vestigating the processes of seeded fibril forma- 
tion and the molecular basis of strain diversity 
and transmission barriers. Indeed, yeast prions 
tare composed of protein fibrils, propagate by 
seeding, and possess strain diversity that is 
explained by distinet conformers (40-45), 


Unifying Strains and Transmission 
Barriers: Conformational and Kinetic 
Selection of Prions 

Mammalian PrP genes are highly conserved, 
and the close similarity of PrP primary struc- 
tures, and indeed folds (46), is presumably 
‘central to the ability of prions to eross-infect 
between mammalian species. Although a large 
‘number of PrP™ types or “strains” are seen in 
the spectrum of mammalian prion diseases, pre- 
sumably this number is limited by thermody. 
namic stability and the need to replicate at rate 
above that of natural clearance in vivo. This 
number will constitute the theoretical portfolio 
‘of permissible and pathogenic mammalian prion 


strains and may be larger than the number of 
identified naturally occurring and experimental- 
ly derived strains. Some strains may be possible 
conformationally for a given PrP sequence and 


‘owing to efficient clearance. For the yeast prion 
[PSI-], for which the substrate protein is Sup8Sp, 
‘an analytical, steady-state model desenbing strains 
has been experimentally validated (47). This work 
‘supports a critical role ofthe fragmentation pro- 
pensity of a prion strain in dictating its in vivo 
Phenotype. To persist, yeast prions must prop- 
‘agate al a rate sufficient to compensate for the 
dilutional effect of cell division, Cleary, the in 
vivo situation in mammals is far more complex 
‘because predominantly postmitotic cells are 
infected and multiple cell types and tissues are 
involved. In the brain, clearance by cellular 
mechanisms to remove misfolded protein agere- 
‘ates will be far more important than dilution by 
cell growth and division, although the situation 
may be different in the Iymphoreticular system 
where prions also replicate, Mammalian prions 
also cause massive cell death, and cytotoxicity 
will be a major fietor in any model of mam 
alia prion propagation. Also, although steady- 
state solutions are applicable in modeling yeast 
prion strains, a steady stale is not ached in the 
‘mammalian central nervous system, 

However, though a relatively large number of 
different PrP™ types may be possible among the 
full range of mammalian PrP sequences, only a 
subset ofthese would be compatible with a given 
sequence (Fig. 2A), Substantial overlap between 
the permissible conformations for PrP™ derived 
from species A and species B would thus result in 
relatively casy transmission of infection between 
these two species, whereas two species with no 
pemnissible PrP conformations in common 
‘would have a large barrier to transmission. Any 
transmission of infectivity between such two 
species would require a change of strain type. 
‘According to the conformational selection model 
(8), host PrP primary structure influences which 
‘of the portfolio of possible PrP* types are 
thermodynamically preferred with respect to 
conformation and kinetically selected during 
‘propagation. In this model, the transmission 
barrier is determined by the degree of overlap 
between the subset of PrP™ types allowed or 
preferred by PrP in the host and donor species. 
Strains and transmission barriers can therefore be 
‘considered opposite sides of the same coin. 

Retuming to the high cross-species pathoge- 
nicity of BSE, this strain may represent a the 
medynamically highly favored PrP™ conformation 
that is readily imprinted on PrP from a range of 
different species, accounting for the high prom 
iscuity of this strain in mammals. Certainly, this 
sirain was selected by an industrial cooking 
‘process (rendering of carcasses) involved in the 
recycling of infectivity that generated the UK. 
BSE epidemic, and itis indeed known experi- 
mentally to be particularly thermostable (48). 
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Fig. 2. (A) Conformational selection and transmission barriers. A wide range 
‘of mammatian PrP* conformations are possible, but only a subset is 
compatible with each individual PrP primary structure. Ease of transmission 
‘of prions between species relates to overlap of permissible PrP™ 
‘conformations between PrP primary structures from the two species. Though 
represented as clones, prion strains may consist of an ensemble of molecules, 
and transmission barriers will relate to overtap of these populations. (B) Strain 
‘mutation, illustration of strains as an ensemble of PrP* molecules or a clone. 
Strains “breed true" when propagated in host that preferentially propagates 


the dominant Pr°* type (host A) but may change in a diferent host (8) that 
selectively propagates a minor component of the PrP* ensemble, resulting 
in apparent strain mutation. Alternatively, with a clonal strain, inoculation 
into a host (B) expressing PrP with a sequence incompatible with this PrP 
conformation would only result in transmission by direct strain mutation, 
These alternatives are not mutually exclusive. it is possible that strain 
selection and mutation may occur in different tissues of the same host as 
well as between different hosts as a result of heterogeneity in cellular 
‘mechanisms affecting prion propagation and clearance kinetics. 


Another illustration of the conformational 
selection mode! is provided by the common hu- 
‘man PrP polymorphism (M129V}, long known 
to be a key determinant of genetic susceptibility 
to prion disease. Notably, every patient with 
‘VCJD tested (-200) has been homozygous for 
the 129 methionine allele (a genotype seen in 
about a third of the normal population) because 
it appears that the valine 129 human PrP is not 
capable of adopting the Pr®™ conformation as- 
sociated with the BSE strain (49). Transmission 
across such a barrier thus results in stan switching 
‘with propagation ofa distinct and sometimes novel, 
strain type and a different disease phenotype (49). 


Prion Strain Stabitity and Mutation 

‘The phenomenon of strain mutation has been 
recognized for many years by biological strain 
typing methods (50). Classically, this occurs 
‘when a strain does not “breed true” on passage 
ina new host and a distinct stran is propagated. 
Mutation may (but does not necessarily) occur 
fon crossing between species and also on 
intraspecies transmission where the PrP primary 
sequence of the host differs fiom that of the 
inoculum, for example, as a result of intra- 
species PrP polymorphism at residue 129 in 


humans (5, 6, 49). In human PrP, residue 129 
places constraints on which prion strains may 
Propagate, but has no measurable effect on the 
folding, dynamics, and stability of PrP“, 
suggesting that its effect is exerted through 
conformation of PrP, its precursors, or on the 
kinetics of their formation (5/), Strain mutation 
‘may also occur on intraspecies transmission whore 
host and prion donor have identical Pp genes: 
This suggests an additional effect of background 
genes on strain selection (52, 53), Strain mu 
tation can be accommodated within the confor- 
‘ational selection hypothesis by selection of a 
novel PrP conformer as a result of host Pre 
not being able to adopt the donor 

‘conformation. However, the phenomenon pases 
sn important question about strains. t has been 
Jong argued that strains can be biologically 
‘cloned (50). This is performed by serial passage 
at limiting dilution of an inoculum such that 
infection in the next host i initiated by a single 
Prion. However, some strains are intrinsically 
Unstable, readily reverting to another strain type, 
for example, the hamster DY strain (23). In ad- 
dition, more than one strain has been isolated 
from some natural prion isolates, for example, 
sheep scrapie (54), and multiple PrP types are 


seen in a sizable fraction of CID brains (55, 56). 
Certainly, a natural isolate shows considerable 
diversity in terms of N-terminal cleavage site, 
and. its. glycosylation is highly complex and 
diverse. Heat-nactivation studies also suggest 
heterogeneity of infectious species with themo- 
stable subpopulations within a defined strain 
(57). Two (not mutually exclusive) possiblities 
‘can be envisaged (Fig, 2B); (i) A strain can exist 
as a molecular clone and strain mutation 
involves generation of a distinct PrP* type; 
strains consist of an ensemble of molecular 
species (containing a dominant PrP type 
recognized on Westem blot and preferentially 
Propagated by its usual host) from which a less 
populous subspecies may be selected by an 
altemative host (whose propagation is most fa- 
vored in that environment), resulting in a strain 
shift. Given the degree of molecular diversity 
‘observed in prion isolates, (i) seems more 
plausible. The degree of diversity may also be 
strain dependent, with some strains approaching 
‘clonality in some hosts. Different cellular popu- 
lations within a single host would also ofter 
different environments for strain selection. It has 
Jong been argued that infection of host with & 
“lymphotrophic strain,” which rapidly colonizes 


www.sciencemag.org SCIENCE VOL318 9 NOVEMBER 2007 


EW [ 


933 


| REVIEW 


934 


lymphoid tissues with a long latency before 
neuroinvasion, is in part due to the need for 
selection ofa “neuroinvasive strain” (58). Indeed, 
differences in PrP type in different peripheral 
tissues are well described in vCJD, in which 
prion colonization of lymphoid tissues long pre- 
cedes neurological disease (59-61). 

Essentially, a “prion” may be considered a 
rare subtype of PrP polymer that has the 
appropriate properties and replication kinetics 
to overcome and evade hast defenses and prop- 
agate exponentially. Other, nascent prions are 
rapidly degraded in vivo and disappear. The 
crucial role of host selection on the ensemble 
that exists in a prion inoculum may be why it 
‘remains so difficult to demonstrate generation 
‘of synthetic prions. In vitro generated “synthetic 
prions” may consist overwhelmingly of species 
‘that will be rapidly eliminated in a host. This 
‘would explain why highly purified PrP amyloid 
fibrils are apparently of low specific infectivity 


Can Prion Infectivity and 

Toxicity Be Uncoupled? 

What is the cause of cell death in prion 
‘neurodegencration? PrP loss of function is not 
1 sufficient cause: PrP-null mice (Prop!) are 
essentially normal (62). That adaptation during 
neurodevelopment in Prap"” mice might com- 
pensate for loss of PrP“ function, while loss of 
PrP* function in the developed brain by its 
‘sequestration to PrP™ might still be deleterious, 
is exeluded by targeted PrP depletion in neu- 
‘rons of adult mice (63). However, conversion of 
PrP® to PrP™ is clearly central to pathogenesis 
because Pp” mice are resistant to prion dis 
cease and do not propagate infectivity (64, 65). 
So, is PrP* neurotoxic? In vitro neurotoxicity of 
Prb™ and short PrP peptides has been reported 
(66, 67, but several lines of in vivo evidence 
argue against direct toxicity: There are prion 
diseases in which PrP™ levels in the brain are 
very low (68-71); the distribution of Pre“ 
deposits does not necessarily mimor clinical sign, 
and PrP* is not dircetly toxic to neurons that do 
not express PrP® (64, 65, 72, 73). Furthermore, 
knockout of neuronal PrP expression during 
established brain infection completely protects 
mice from development of clinical disease, 
prevents neuronal loss, and reverses early 
spongiform neuropathology and behavioral 
abnormalities (74, 75). Notably, this recovery 
‘occurs despite continued PrP and 
prion replication in glial cells, such that PrP 
‘and prion titers in brain reach levels seen in end 
stage disease in conventional mice (74). So, do 
neurons need to express PrP® andlor replicate 
prions themselves for toxicity to occur? Various, 
‘mechanisms have been proposed, including 
aberrant signaling mediated by cross-linked cell, 
surfice PrP and altered PrP° trafficking and 
topology (76-79). These altematives are chal- 
lenged, however, by the phenomenon of sub- 
clinical prion infection in wild-type animals. 
‘Such cartier states are sometimes established on 
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prion inoculation of a second species (80-82). 
Wild-type mice, with normal neuronal PrP* 
expression and topology, inoculated with Sc237 
hamster prions propagate mouse-adapted prions 
and yet live a normal life span without clinical 
disease. Prions propagate slowly but eventually 
reach titers (and levels of PrP**) scen in end- 
stage conventional clinical disease (80). How- 
ever, second passage of these prions in mice or 
hamsters results in conventional transmission with 
short incubation periods and 100% lethality (81), 


Linking Prion Propagation Kinetics to 
Neurotoxicity 

A possible explanation is that PrP™ is itself 
relatively inert, but toxicity resides in a smaller, 
labile, oligomeric PrP species (named PrP for 
lethal), generated as an intermediate or side 
product during prion propagation (80, 82). 
Neurotoxicity may require a critical PrP* con 
‘centration that is reached during conventional 
infections, but the slower kinetic of increase in 
infective titer in the subclinically infected mice 
‘may mean that toxic PrP! levels are not reached 
Fig. 3). This hypothesis can accommodate the 


Prion titer 


The phenomena of prion propagation and 
toxicity can be considered from the standpoint 
of classical kinetic mechanisms. A formal model 
rust accommodate experimental cbservation that 
demonstrate an apparent split between the iden- 
tity ofthe propagating infectious agent and toxic 
‘species. It is increasingly proposed that the toxic 
species in amyloid diseases are intermediates on 
the pathway for formation of the amyloid struc- 
tures (84). However, in this classical sense, such 
intermediates that occur before the favorable po- 
lymerization phase must reach a steady state, 
‘meaning that their concentration does not rise. 
‘That is, they are part of the priming process and 
not part of the autocatalytc phase. 

Another, more promising mechanism can be 
proposed (Fig. 4) that accommodates both the 
autocatalytic nature of mammalian prion prop- 
agation and the lack of toxicity of PrP™. In the 
Pprotein-only hypothesis, it is axiomatic that 
PrP™ acts as a template for the PrP —> PrP* 
conversion. However, if PrP* itself is the toxic 
agent, then the observed decoupling between 
the level of PrP™ and the extent of pathology is 
‘hard to explain, Without challenging the protcin- 
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Fig. 3. Toxicity and prion titer. According to the proposed models illustrated in Fig. 4, toxicity & due to 
the buildup of a templated intermediate or side-product, PrP, while the infectious agent itself is not 
directly toxic. This graph illustrates (in a highly schematic form) the separation of the two phenomena. 
Prion titer is shown in black and PrP* concentration in red (86). Vertical dotted lines indicate time of 
‘onset of clinical signs and death. Green-shaded area denotes a level of PrP* that can be tolerated 
without clinical symptoms. The upper, pink-shaded region represents a level of PrP* that causes clinical 
illness; both titer and toxicity lines terminate at death of the animal, The incubation period is thus the 
time taken for PrP* levels to cross the boundary. Four host/strain combinations are exemplified: tga20 
mice express PrP° at ~10-fld above levels seen in wild-type mice, whereas Prip®” mice express at 
‘50% of wild-type levels. The effect of Pr? expression level on infection with mouse prions (RML strain) 
is demonstrated by the fist three examples, whereas the fourth indicates wildtype mice infected with 
hamster (237 strain) prions where prions propagate to high levels but without clinical onset during a 
normal Bfe span (subclinical infection), 


notable finding that Prop“® mice (with 50% of 
wildtype PrP expression), when inoculated 
with RML mouse prions, develop levels of Pre“ 
Similar to those of wild-type mice yet remain well 
months after their wild-type counterparts suc- 
‘cumb in a much more prolonged incubation 
period (Fig. 3). Furthermore, tg320 transgenic 
mice, which express Pr at about 10-fold the 
levels of wild-type mice, succumb quickly 10 
RML prions yet have low PrP* levels at end- 
stage disease (83) Fig. 3). 


‘only mechanism, itis plausible that during the 
template-assisted progression from PrP to PrP 
‘an intermediate state (PrP') is formed. There are 
then four steps in the process of PrP®* formation, 
and in its simplest manifestation this mechanism 
‘ean be written: 


ky ky 
PeP* + PrPo — PrP™:PeP° —> PrP*PrPY 
PeP:PrP™ —» PeP™ + PrP 
In this model, PrP* is the toxic species, and 
the relative levels of toxicity and infectivity are 
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governed by the ratio of the initial 
rate of conversion (Ky) to the rate of 
‘maturation (3). Essentially, the 
proliferating, infectious PrP acts 
as a catalytic surface upon which 
the intermediates form before they 
‘mature into the PrP™ product. Con- 
sequently, their concentrtion will 
rise during the autocaalytic process 
because the population of the cate 
lyst itself is rising exponentially. 
‘The difference between this model 
and the classical system is that 
formation of classical intermediates 
isnot catalyzed by end products. 

In the case of a subclinical 
infection, a relatively slow rate of 
initial conversion (&;) would mean 
that the level of PrP* would be 
lov, because its rate of loss through 
‘maturation (A3) would be dominant. 
‘Thus, @ large amount of PrP™ or 
infectivity would build up, but with 
litle toxicity (Fig. 3). By contrast, 
in a short-incubation disease such 
as RML prion infection in iga20 
‘mice (with a high expression level 
of PrP®), an increased rate of initial 
conversion leads to a rapid accu- 
mulation of PrP* and early death, 
In these circumstances, there is 
higher probability of forming 
PrP*:PrP© species through in- 
creased rates of encounter and, in tum, the level 
of PrP™:PrP* is enhanced. Also, this mode! can 
explain transmission barrier (strain-adaptation) 
effects where primary passage is associated with 
‘very prolonged incubation periods (or indeed a 
subclinical infection without clinical disease in a 
‘normal life span), but where subsequent passage 
inthe same type of host leads to a much shorter 
incubation period and high or complete lethality 
(80). Prion adaptation to the new host results in 
‘pid prion propagation with an enhanced rate 
Of initial conversion (k;), which would then 
inevitably lead to a higher rate of formation of 
PrP* and a shorter incubation period. In this 
templated toxic intermediate model (Fig. 4), 
the ability of a strain to propagate in a host 
depends on the rates of both intial conversion 
and of maturation; its ability to kill depends on 
the balance of these rates. An altemative, but 
related, model can be proposed in which PrP™ 
is produced autocatalytically without toxic 
intermediates (Fig. 4B). However, PrP then 
itself catalyzes the conversion of PrP“ to PrP» 
8 a toxic by-product. In this case, low-toxicity, 
hhigh-tter infections would arise when the PrP“ 
o-PrP* conversion rate is slow. 


General Model 

How may all these phenomena be brought 
together? The recent experimental evidence for 
these emerging concepts now allows & general 
‘model for mammalian prions to be proposed 


(lable $1), which accommodates the known 
phenomena of exponential propagation of 
infectivity, strain diversity and mutation, trans- 
mission barriers, and the uncoupling of in- 
fectivity from neurotoxicity, while remaining 
within the constraint of requiring only a single 
polypeptide to constitute all strains of infective 
and toxic species. 

Essentially, the phenomena of prion disease 
pathogenesis can be explained in terms of the 
Kinetics of prion propagation, determined by in- 
terplay between prion strain type (dominant PrP™ 
polymer and its ensemble) and tissuchost en- 
vironment (PrP sequence and expression level, 
modifier genes, and clearance mechanisms); slec- 
tion of prefered conformers determines trans- 
mission barriers. Neurotoxicity is mediated by a 
PrP species, PrP, distinct from PrP* but 
catalyzed by it, and occurs when PrP* concen- 
tration passes a local toxic threshold. Rapid prop- 
gation (with a hostadapted strain and normal 
‘or high levels of host PEP expression) results in 
severe neurotoxicity and death at strain-specitic 
incubation periods. Slow propagation (after in- 
{ection across a transmission barrier or with low 
host PrP expression) results in low neurotoxicity 
and prolonged and more variable incubation 
periods or a persistent carr state. 

The concept of prion strain originated from 
biological experiments, but at a molecular level 
there may be quite distinct infectious PrP poly- 
mers (PrP types) that cannot be distinguished 


REVI 


Fig. 4. llustrative models for production of Pr: (A) Toxic templated intermediate. The most rudimentary model has 
four steps: binding, initial conversion, maturation, and fission. itis possible that PrP* must dissociate before itis 
toxic, but this is not a prerequisite. The number of Pr®® molecules (n) joining, converting, and maturing 
does not affect the qualitative behavior of the model. (B) Toxic templated side product In this model, Pr 
surface catalyst for the conversion of PrP® to PrP, but the latter is not an intermediate in the synthesis of PrP*, 


gycle 


‘by transmission studies in inbred laboratory 
mouse lines. Although in practice, the converse 
situation of biologically distinet prion strains as- 
sociated with PrP* that cannot be biochemically 
differentiated by current methods will also be 
‘observed, under this general protein-only model 
such biochemical or biophysical differences in 
PrP must exist, and the model would predict 
that differences would be observed with more 
discriminating molecular methods, challenging 
‘the historical primacy of biological classification 
of prion strains, 


Wider Implications 
‘The impressive advances made in the field of 
yeast prions have clearly established a much 
‘wider biological importance of prion-like pro- 
cesses and have allowed direct experimental 
confinnation of molecular mechanisms proposed 
from work with mammalian prions, Understand 
these phenomena will illuminate processes in- 
volving protein misfolding and ageregation, and 
[protein-based inheritance, which clearly have 
far-reaching implications in pathobiology, aging, 
and the evolution of cellular processes, However, 
‘mammalian prions are distinctive. They are lethal 
pathogens par excellence—indeed, itis hard to 
think of other examples of infectious diseases 
With 100% mortality once the earliest clinical 
signs have developed. 

Prions rise troubling questions in evolution. 
In particular, how did prions evolve as such 
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potent pathogens, complete with the ability to 
infect from the environment and travel to the 
‘brain? Conventional pathogens have evolved 
complex. mechanisms t0 enable pathogenesis 
and evade destruction. If prions are composed 
purely of a polypeptide encoded by the host, 
hhow can they evolve? In essence, it seems that 
they had to arise de novo as an intact pathogenic 
system, and itis tempting to speculate that prions 
therefore represent malfunction of an evolved 
normal activity that has yet to be elucidated. 
‘That prions can encode information required to 
specify different discrete phenotypes opens up 
the possibility, perhaps likelihood, that other 
protein-based inheritance systems will have been 
exploited for benefit in mammalian evolution, 

‘The more common neurodegenerative dis- 
ceases algo involve accumulation of aggregates 
of misfolded hostencoded proteins. I has long 
bbeen speculated that some of these, and indeed 
‘other amyloidotic conditions, might be at least 
‘experimentally transmissible. Recent work has 
shown that brain extracts containing f-amyloid 
deposits taken from either Alzheimer’s disease 
patients oF transgenic mice expressing framyloid 
‘precursor protein (APP) induced (amyloidosis 
and related pathology when injected into the 
‘brains of presymptomatic APP transgenic mice 
(85), The induced amyloidotic phenotype varied 
‘with host and source of agent, reminiscent of 
prion strains. Cis interesting to speculate that 
distinet strains of fkamyloid may develop spon- 
taneously in Alzheimer's disease and might 
contribute to phenotypic variability in patients. 
‘The possibility exists, therefore, that the general 
‘model proposed here may have wider relevance 
in other diseases involving protein misfolding 
and aggregation, 
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A Cretaceous Hoofed Mammal from India 


G. V. R. Prasad,”* O. Verma,? A. Sahni,? V. Parmar,’ A. Khosla 


ulate or hoofed mammals represent 
[ the most important herbivores of Ceno- 
i land mammal communities. Condy- 

larths or archaic ungulates are a paraphyletic 
‘group regarded as an ancestral oF sister taxon 
to living ungulate mammals (/) and are known 
by fossils from the Early Paleocene of North 
‘America and South Ameria, the Late Paleocene 
and Eocene of Europe, and the Eocene of Africa 
and possibly Australia, The earliest definitive 
ungulates represented by Protungulatum, Oxy 
primus, Baioconodon, and Mimatuta (1, 2) come 
from the Early Paleocene (Puercan) of north- 
ceastem Montana. No Cre~ 
taceous condylarth has yet 
been documented. Here, 
we describe an isolated 
lower molar (my or m2) 
of condylanh mammal 
from the Late Cretaceous 
(Maastrichtian) lacustrine 
rocks interbedded with 
Deccan volcanic flows of 
Central India (Supporting 
‘Online Material (SOM) text 
and fig. SI}, The tooth is 
cataloged as VPLU/IM/31 
and deposited in the Vert 
bate Paleontology Labora 
tory of Jammu University 

‘Class: Mammalia Lin- 
nnaous, 1758. Order: Con- 
dylarthra Cope, 1881 
Family: Incertae Sedis. 
Kharmernegudaton vera 
‘genus et species nova, 

Holotype. VPL/JU; 
IMBI1, isolated right lower 
molar 

Generic Diagnosis. 
Asymmetrical trigonidl wider 
and longer than talon, bul- 
‘bous cusps, paraconid slight- 
ly labial to the lingual 
margin, voluminous proto 
conid twice as lange as metae 
cconid and closely appresset 
to it, metaconid slightly 
posterior o protoconid wit 
the posterior trigenid wall 
slighty oblique to the long axis, entoconid smaller 
than hypoconulid and basally conjoined to it 
forming an oblique posterolingual crest, hypocon- 
id is the most voluminous talonid cusp, tlonid 
basin partially closed lingually, obliquely trans- 
verse talonid groove, size smaller as compared to 
‘other archaic ungulates (SOM tex) 
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Etymology. Genus named after the nearby 
Kharmer River; species named in honor of 
Leigh Van Valen. 

Specific Diagnosis. As for genus. 

Basal expansion and sidewall convexity of the 
ower molars are conspicuous differences between 
archaic ungulates and Cretaceous eutherians such 
18 Cimolestes, Procerbenes, Bataden, Gypsoniceps, 
and Deccaroleses. Archaic ungulates developed the 
ability to crush and grind food through reduced 
hight difference between the trigonid and talon- 
id, cusp bunodonty, the possession of a larg 
hypoconid, and characteristic abrasion causing 


Fig. 1. Holotype of Kharmerungulatum vanvaleni genus et species 
nova, isolated right lower molar (m, or mz, VPLJU/M/32). End, 
entoconid; hyd, hypoconid; hyld, hypoconulid; med, metaconid; oc, 
cristid obliqua; pad, paraconid; pc 
protoconid. (A) Occlusal view. (B) Line drawing of (A). (C) Posterior 
view. (D) Lingual view. (E) Anterior view. (F) Labial view. 


precingulid cuspule; and prd, 


beveling of cusp apices (/). The merphology of 
Kharmerungulatum (Fig. 1, A to F) is like that of 
the lower molar morphology of archaic ungulates, 
but the latter are relatively larger and have mone 
bunodont cusps. A”karmerungulam rts many 
plesiomorphic characters that oocur variably in 
Protungulatum, Oxyprimus, Baioconodon, and 


Mimatuta. These include trigonid: moderately 
taller than the talonid; paraconid slightly labial to 
the lingual margin and well separated from the 
metaconid, as in Mimatuta, Protungulatum gor- 
gun, and Baioconodon middleton, obliquely 
‘oriented paracristid, as in Protungulatum and 
Onprimus; obliquely oriented posterior trigonid 
wall with a slightly posteriorly developed meta- 
‘conid and asymmetrical trigonid, as in Promungu- 
Janum donnae; short entocrstid. partially closing 
the talonid lingually, as in Protungulatum, Oxy 
primus, and Baiconodon; and a crstid obliqua 
joining the posterior tigonid wall below the 
posterolabial base of the metaconid, However, in 
relative dimensions of talonid cusps and closely 
appressed entoconid and hypoconulid forming a 
posterolingual crest, Kharmerungulatum is also 
‘comparable to South American Motinodis (3). 

‘Among all species of archaic ungulates, 
Kharmerungulatum is closest to P. gorgun in 
‘cusp morphology except that it tacks cingulids 
[figure 3F of (4)] and to Baioconodon in having a 
talonid shorter and narrower than the trigonid 
(SOM text), We consider Kharmerungulatum to 
represent an early stage in the evolution of 
ungulates. 

The presence of an archaic ungulate in the 
latest Cretaccous of India may reflect that (i) 
archaic ungulates had a pan-Gondwanan distr 
bution, and their absence in other landmasses 
may be an anifact of limited 
(ii) Kharmerungulatum inamigrated 1 I 
Westem Asia, which had a diversified assem 
blage of zhelestids (85 million years ago) re- 
garded by some as ancestral to archaic ungulates 
(5), although any connection is disputed (6); and 
(ii) the driting Indian subcontinent may have 
served as a center of origin for many mammalian 
‘orders and other vertebrate and plant groups, 
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Correlation of the Highest-Energy 
Cosmic Rays with Nearby 
Extragalactic Objects 


The Pierre Auger Collaboration* 


josmic rays are Nearby active 7 Milky Way plane tens of EeV, the deflec- 
ticles and nu- galactic null EE ee tion is, however, small 
clei that bon cnough that the pros: 
bard the Earth from pect of identifying pos- 


sible sources becomes 
a realty 

Since 2004, the Auger 
Observatory has col- 
lected a million cosmice 
ray events, and about 80 
hha energies excocding 
40 BeV, the energy at 
which we expect to be- 
sgn 10 see the flux supe 
pression of the GZK 
effect. First, we exam 
ined the data gathered 
belore June 2006, We 


space in all directions 
(DA few have astound- 
ing. energies—beyond 
100 FeV (I EeV = 
1 exarelectton volt = 
10" eV) —onders of mag- 
nitude beyond even the 
future capabilites of any 
cearthly pasticle acceler- 
‘tor, Such energies ae 50 
cexirane that they could 
arse in only the most 
Violent places in the uni= 
‘verse. One possible lo- 
cation is within active 


Events >57 Ee Events >3 EW 
‘ky map (2) showing cosmic rays detected by the Pierre Auger Observatory. Low-energy cosmic 
rays appear to originate from eventy distributed sources (blue dots), but the origins of the 
highest-energy events (crosses) correlate with the distribution of local matter as represented by 
nearby active galactic nuclei (red stars). Thus, active galactic nuclei are a likely source of these 


galactic nuclei (AGN), fare high-energy cosmic rays. 

alaxies hosting central 

bbluck holes that feed on gas and! stars andl may eject vast plasma jets into 
iergalactic space, 

‘As cosmic rays propagate, the highest-energy panicles interact 
strongly with the ubiquitous cosmic background radiation and lose 
some energy. Thus, they can only travel limited distances and, con- 
sequently, their flux is suppressed (the “GZK effect”). So the survival 
Of the highest-energy cosmic rays as they traverse space is in itself a 
puzzle. Simply stated, we don’t know what they are, where they came 
from, oF how they got here from there. 

‘The highest-energy cosmic rays are so rare that in the last SO years, 
only a handful of 100-EeV particles have been detected. The low flux 
(only a few per km? on Earth per millennium) renders their direct de- 
tection infeasible. Instead, instruments with extremely large collecting, 
areas are deployed and sample the shower of secondary particles produced 
When the primary cosmic may collides with Earth’s atmosphere. The 
Pierre Auger Observatory stretches over 3000 km? in western Ar- 
gentina, an area similar to that of Rhode Island. It measures extensive 
air showers both on the ground with 1600 detectors spaced 1.5 km 
apart and in the air, viewing the brief flash of nitrogen molecules de- 
exciting after the shower passes by (the same radiation is seen from a 
different stimulus and over longer time scales as the Aurora Borealis). 
‘The Pierre Auger Observatory uses these two detection techniques 
routinely at the same time. The size of the data set now exceeds that 
from all carlicr experiments. 

‘The direction of the primary cosmic ray can be reconstructed with 
‘good precision—to within 1° or so—by the ground detectors. Most 
cosmic-ray particles are charged and so their trajectories are bent by 


explored the amount of 
correlation between the 
rival dnvctions and the 
positions of known AGN by tuning several fictors: cutoff for the maximum 
distance of an AGN, a cutoff forthe minimum energy of eosmic rays, and the 
angular separation of an event from some AGN, 

‘We found a strong. association between the cosmic-ray directions andl 
nearby AGN, OF 15 events with energies greater than about 60 EeV, 12 were 
located within 3.1° of AGN closer than 75 Mpe from Earth (about 250 
million light-years). The likelihood of a random isotropic set of arrival 
directions conspiring to fool ws this much was small. We fixed the values of 
the comation parameters and applied them to new data collected after June 
2006. Data collected more recently, until August 2007 (see the figure), 
‘confirmed the comrlation. 

Interpretation of these results merits some caution. We used a catalog 
of AGN that is known to be incomplete, especially in directions in which 
‘we peer through the dusty plane of our Galaxy and beyond 300 million 
light-years away from Earth. (It is notable that most of the few events that 
do not appear to be near AGN are indeed somewhat near the Galactic 
plane.) The AGN themselves tend to be distributed among the nearby 
galaxies, and so based on the statistics of our present data we can only 
declare that the cosmic-ray sources are correlated with the distribution of 
nearby matter, including AGN, However, because of the energetic pro- 
cesses within them, AGN have long been considered as likely sources of 
cosmic rays. Our data suggest that they remain the prime candidates. 
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Using data collected at the Pierre Auger Observatory during the past 3.7 years, we 
demonstrated a correlation between the arrival directions of cosmic rays with eneray 
above 6 x 10” electron volts and the positions of active galactic nuclei (AGN) lying 
within ~75 megaparsecs. We rejected the hypothesis of an isotropic distribution of these 
cosmic rays with at least a 99% confidence level from a prescribed a priori test. The 
correlation we observed is compatible with the hypothesis that the highest-eneray particles 


ate from nearby extragalactic sources whose flux has not been substantially reduced 


by interaction with the cosmic background radiation. AGN or objects having a similar 


spatial distribution are possible sources. 


Josmic rays are energetic particles and 
nuclei fiom space that strike the Earth's 
atmosphere. Their energies vary from a 

few 10° eV to beyond 10%” eV, The flux of cos- 

mic rays at Earth decreases very mpidly with 
energy, from a few particles per square omti- 

‘meter per second in the low-energy region to 

less than one particle per square kilometer 

per century above 10°” eV. The identification 

Of the sources of ultrahigh-energy cosmic rays 

(UHECR) with energies ~10°” eV has been a 

‘great challenge since they were first observed 

in 1962 (/), Because cosmic rays at these en- 

egies are not expected to be confined by 

‘magnetic fields in the disk of our galaxy, and 

indeed no significant excess from the diree- 

tion of the Milky Way has been observed, itis 
likely that they originate outside the Galaxy. 

Until now, there has been no experimental 

confirmation of this hypothesis, 

Because of their very low fux, UHECR 
cean only be detected through their interaction 
‘with the Earth’s atmosphere, producing a 
cascade of billions of particles that excite ni- 
trogen molecules in the air along their path 
and spread over a large area when they reach 
the ground, The Pierre Auger Southem Obser- 
vatory (2), now nearing completion in Argen- 
tina, was designed to simultaneously observe 
the shower particles at ground level and the 
associated Muorescence light generated in the 
atmosphere. A large array of 1600 surface de 
tectors (SDs), laid out as an equilateral ti- 
angular grid with, 1500-m spacing, covers an 
area of 3000 km? and detects the particles a 
ground level by means of the Cherenkov 
radiation they produce in water. At each of 
four sites on the periphery of the instrumented 
area, six inward-facing optical telescopes 
observe the sky on clear moonless nights. 
‘These devices measure the atmospheric fluo 
rescence light produced as an extensive air 
shower passes through the field of view. The 
two techniques—the SDs and the fluorescence 
detectors (FDs)—are complementary, and also 
provide cross-checks and redundancy in the 
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‘measurement of air-shower parameters. The SD 
measures the two-dimensional lateral structure 
‘of the shower at ground level, whereas the FD 
records the longitudinal profile of the shower 
during its development through the atmosphere. 
In Fig. 1, we present the layout of the Obser- 
vyatory as of 30 September 2007. 

‘The Piemre Auger Southem Observatory has 
been taking data stably since January 2004. 
The large exposure of its ground array, com- 
bined with accurate energy and arrival-direction 
measurements, calibrated and verified from the 
hybrid operation with the fluorescence detectors, 
Provides an opportunity to explore the spatial 
‘cerrelation between cosmic rays and their sources 
in the sky. 

Ifcosmic rays with the highest energies are 
predominantly protons or nuclei, only sources 
closer than about 200 Mpe from Earth can 
‘contribute appreciably to the observed flux 
above 60 EeV (I EeV = 10" eV), Protons or 
nuclei with energies above 60 EeV interact 
with the cosmic microwave background (3-5), 
Jeading to a strong attenuation of their flux 
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from distant sources. This attenuation is known 
as the Greisen, Zatsepin, and Kuzmin (GZK) 
effect, from the names of the dhree physicists 
that predicted it. If the sources of the mast en 
ergetic cosmic rays are relatively nearby and 
are not uniformly distributed, then an_aniso- 
tropic rival distrbution is expected, provided 
the particles have a sufficiently small. charge 
and a sufficiently high energy for their direc- 
tions to be minimally perturbed by intervening 
magnetic fields, 

‘Anisotropy of the cosmic rays with the 
highest energies could manifest as clustering 
‘of events from individual point sources or 
through the correlation of arrival directions 
with a collection of astronomical objects. The 
‘Akeno Giant Air Shower Array (AGASA) 
Collaboration claimed some excess of cluster- 
ing at small angular scales compared to isotropic 
‘expectations (6), but this was not supported 
by data recorded by the HiRes experiment 
(7). Analyses of data recorded by several air- 
‘shower experiments revealed a general corre- 
lation with the direction of the superpalactic 
plane (8, 9), where several ncarby galaxies 
‘luster, but with limited statistical significance. 

AGN have long been considered sites where 
‘energetic-particle production might take place 
and where protons and heavier nuclei could 
bbe accelerated up to the highest energies yet 
measured (/0, 11). Here, we report the obser 
vation of a correlation between the arrival dice 
tions of the cosmic rays with highest energies 
measured by the Pierre Auger Observatory and 
the positions of nearby AGN from the 12th edi- 
tion of the catalog of quasars and active nuclei 
bby Véron-Cetty and Véron (V-C catalog) (72) 
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Fig. 1. Layout of the Pierre Auger Southern Chmerity ‘The dots represent the position of each of 
the 1600 SD stations. The 1430 SD stations deployed and activated as of 30 September 2007 lie in 


the area shaded blue. The 4 FD sites are labeled in yellow, 


”th green lines indicating the field of 


view of the six telescopes at each site. To give the scale of the Observatory, the lengths of the green 


line correspond to 20 km. 
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Data set and method. The data set ana- 
lyzed here consists of the cosmic-ray events 
recorded by the surfice array of the Observ~ 
tory from I January 2004 to 31 August 2007. 
It contains 81 events with reconstructed ener- 
gies above 40 EeV and zenith angles smaller 
than 60°, The integrated exposure is 9.0 = 10° 
km? sr year 

We only use recorded events if they mect 
strict criteria with regard to the quality of the 
reconstruction of their energy and direction. 
The selection of those events is done via a 
quality trigger (13), which is only a function 
of the topology of the footprint of the event on 
the ground. This tigger requires that the de 
tector with the highest signal must be sur- 
rounded by five active nearest neighbors, and 
that the reconstructed shower core be inside 
an active equilateral triangle of detectors. This 
represents an efficient quality cut while guar- 
antecing that no crucial information is missed 
for the shower reconstruction. 

‘The arrival direction of a cosmic ray is a 
crucial ingredient in our study. The event di- 
rection is determined by a fit of the arrival 
times of the shower front at the SD. The pre 
cision achieved in the arrival direction de- 
pends on the clock resolution of each detector 
and on the fluctuations in the time of arrival 
of the first particle (/4), The angular resolu- 
tion is defined as the angular aperture around 
an arrival direction of cosmic mays within 
Which 68% of the showers are reconstructed, 
This resolution has been verified experi- 
‘mentally with events for which two inde 
pendent geometrical reconstructions can be 
performed. The first test uses hybrid events, 
which are measured simultaneously by the 


SD and the FD; the second one uses events 
falling in a special region of our array where 
two surface stations are laid in pairs 11m 
apart at each position, Events that triggered at 
least six surface stations have energies above 
10 EeV and an angular resolution better than 
1 US, 16). 

‘The energy of each event is determined in 
‘a two-step procedure. The shower size S, ata 
reference distance and zenith angle, is cal- 
‘culated from the signal detected in each sur- 
face station and then converted to energy with 
8 linear calibration curve based on the fluo- 
rescence telescope measurements (J7). The 
uncertainty resulting from the adjustment of 
the shower size, the conversion to a reference 
angle, the fluctuation from shower to shower, 
tnd the calibration curve amounts to about 
18%, The absolute energy scale is given by 
the fluorescence measurements and has a sys 
tematic uncertainty of 22% (/8). The largest 
systematic uncertainty arises primarily from 
an incomplete knowledge of the yield of pho- 
tons from the fluorescence of atmospheric 
nitrogen (14%), the telescope calibration (9.5%), 
and the reconstruction procedure (10%). Ad- 
ditional uncertainty in the energy scale for 
the set of high-energy events used in the 
present analysis is due to the relatively low 
statistics available for calibration in this en= 
ergy range. 

Events with energy above 3 EeV are recorded 
with nearly 100% efficiency over the area cov- 
cred by the surface array. The nonuniformity of 
the exposure in right ascension is below 1% 
negligible in the context of the present analysis. 
‘The dependence of the exposure on declination 
is calculated from the latiwde of the detector 


Fig. 2. Aitoff projection of the celestial sphere in galactic coordinates with circles of radius 3.1° 
centered at the arrival directions of the 27 cosmic rays with highest energy detected by the Pierre 
‘Auger Observatory. The positions of the 472 AGN (318 in the field of view of the Observatory) with 
redshift 2 < 0.018 (D < 75 Mpc) from the 12th edition of the catalog of quasars and active nuclei 
(12) are indicated by red asterisks. The solid line represents the border of the field of view (zenith 
angles smaller than 60°). Darker color indicates larger relative exposure. Each colored band has 
‘equal integrated exposure. The dashed line is the supergalactic plane. Centaurus A, one of our 


closest AGN, is marked in white. 
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and the full acceptance for showers up to 60° 
2enith angle. 

‘A key clement of our study is the probability 
P for a set of N events from an isotropic flux to 
‘contain A or more events at a maximum angular 
distance y from any member of a collection of | 
‘candidate point sources, Pi given by the cumula- 
tive binomial distribution 5), GNp/(1—p), 
where the parameter p is the fraction of the sky 
(weighted by the exposure) defined by the 
regions at angular separation less than y from 
the selected sources. 

We analyze the degree of correlation of 
‘our data with the directions of AGN refer- 
enced in the V-C catalog (/2). This catalog 
does not contain all existing AGN and is not 
an unbiased statistical sample of them. This is 
not an obstacle to demonstrating the existence 
‘of anisotropies but may affect our ability to 
idemify the cosmic-ray sources unambiguously. 
‘The catalog contains 694 active galaxies with 
redshifts > < 0.024, corresponding to distances 
D smaller than 100 Mpe (/9). At larger dis» 
tances, and around the Galactic plane, the 
catalog is increasingly incomplete. 

Exploration and confirmation. Using data 
‘acquired between 1 January 2004 and 26 May 
2006, we scanned for the minimum of P in the 
thrce-dimensional parameter space defined by 
maximum angular separations y, maximum red~ 
shifts =a» and energy thresholds £;,. The lower 
limit for the scan in y comesponds wo the 
angular resolution of the surface array. Our sean 
in energy threshold and maximum distance was 
motivated by the assumption that cosmic rays 
with the highest enengies are the ones that are 
least deflected by intervening magnetic fields 
and that have the smallest probability of arrival 
from very distant sources due to the GZK effect 
G4 

We found a minimum of P for the param- 
‘eters y = 3.1%, Ziaay = 0.018 (Dax £75 Mpc), 
and Ey, ~ 56 EeV. For these values, 12 events 
among 15 correlate with the selected AGN, 
Whereas only 3.2 were expected by chance if 
the flux were isotropic. This observation mo- 
tivated the definition of a test to validate the 
result with an independent data set, with pa 
rameters specified a priori, as is required by 
the Auger source and anisotropy search meth- 
‘odotogy (20, 27). 

‘The Auger search protocol was designed 
‘as a sequence of tests to be applied after the 
‘observation of each new event with energy 
above 56 EeV. The total probability of in- 
correctly rejecting the isotropy hypothesis 
along the sequence was set to a maximum of 
1% The parameters for the prescribed test 
were chosen as those, given above, that led to 
‘the minimum of P in the exploratory scan. 
The probability of a chance correlation at the 
chosen angular scale of a single cosmic ray 
with the selected astronomical objects is p = 
0.21 if the flux were isotropic. The test was 
applied to data collected between 27 May 
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2006 and 31 August 2007, with exactly the 
same reconstruction algorithms, energy calib- 
ration, and quality cuts for event selection as 
in the exploratory scan. In these independent 
data, there are 13 events with energy above 56 
EeV, of which 8 have arrival directions closer 
than 3.1° from the positions of AGN less than 
75 Mpe away, with 2.7 expected on average. 
The probability that this configuration would 
‘occur by chance if the flux were isotropic is 
1.7 * 10°. Following our search protocol and 
based on the independent data set alone, we 
reject the hypothesis of isotropy in the dis 
tribution of the arrival directions of cosmic 
rays with the highest energies with at least a 
99% confidence level. 

Results, Having determined that an anisot- 
ropy exists, based on the a priori prescription, 
‘we rescanned the full data set from 1 January 
2004 to 31 August 2007, using the method 
described above (o substantiate the observed 
correlation, We used steps of 0.1° in y, in the 
range 1° < y 8°, and 0,001 in =a, in the 
range 0 S Zmux < 0.024, We also used a newer 
version of our reconstruction and calibration 
algorithm that gives slightly different recon 
structed directions and energies. These small 
differences, well within our reconstruction wn- 
certainty, modify the final event selection, but 
this has minor consequences on the value of 


the correlation signal. We start the scan with 
the event of highest energy and add events 
‘one by one in order of decreasing energy, 


down to Ey = 40 eV. 

Strong correlation signals occur for energy 
thresholds around 60 EeV and several com- 
bination of the other parameters in the range 
YW S6°, and yay < 0.024 (Dax < 100 Mpc). 
The absolute minimum value of P occurs for 
the 27 events with the highest energies (above 
57 EeV in the new analysis), We generated 
simulated sets of directions, drawn from an 
isotropic distribution in proportion to the rela 
tive exposure of the observatory. Performing 
an identical sean on those simulated samples 
to that applied to the real data, we obtain 
smaller or equal values of P in ~10 of the 
simulated direction sets. 

We present (Fig. 2) a sky map in Galactic 
coordinates of our 27 highestenergy events 
(E> 57 EeV), as determined by our most re- 
cent version of the reconstruction code. The 
anisotropy is clearly visible. We note the prox- 
imity of several events close to the supergalsctic 
plane, and also that two events arrive within 3° 
of Centaurus A, ene of the closest AGN, marked 
in white on the figure, 

Discussion. With the statistics of our pre- 
sent data set, the observed correlation is 
significant for maximum distances to AGN 
of up to 100 Mpc, for maximum angular 
separations of up to 6°, and for energy 
thresholds around 60 EeV. Those numbers 
are to be taken as indicative because the 


minimization of P is not totally exempt from 
biases. Accidental comelation with foreground 
AGN different from the actual sources may 
induce bias toward smaller maximum source 
distances, while accidental correlation with 
distant background ones may reduce the op- 
timal maximum angular separation by a few 
degrees. 

Under the simplifying assumptions of a 
uniform distribution of sources with equal 
intrinsic luminosity and continuous energy 
Joss in the cosmic microwave background due 
lo the GZK effect (3, 4), 90% of the protons 
arriving at Earth with energy exceeding 60 EeV 
‘originate from sources closer than 200 Mpc, 
This (somewhat arbitrarily defined) “GZK 
horizon” decreases rapidly with increasing 
energy and drops « 90 Mpc for energies 
exceeding 80 EeV. The relation between the 
horizon distance and the value of Dax that 
minimizes P is not a simple one, given the 
possible biases in the method, which has non- 
‘uniform sensitivity over the range of parameters 
scanned. Increasing catalog incompleteness 
also prevents confidently scanning over sources 
at distances much larger than 100 Mpc. 
Moreover, the local density and luminosities 
of sources could have significant departures 
from the uniformity assumed in the GZK 
horizon scale for a given energy threshold. 
Taking info consideration these caveats, in 
addition w the uncertaimy in the recon- 
structed energies, the range of Dx and Ei 
over which we observe a significant corre- 
lation is compatible with the frequently made 
assumption that the highest-energy cosmic 
rays are protons experiencing predicted GZK 
energy losses. We note that the correlation 
increases abruptly at the energy threshold 
of $7 EeV, which coincides with the point 
‘on the energy spectrum recently reported 
from the observatory at which the Mux is 
reduced by ~30% with respect 0 a power- 
law extrapolation of lowerenergy observa- 
tions (17). 

If the regular component of the galactic 
magnetic field is coherent over scales of 
1 kpe with a strength of a few wG, as indi- 
cated by data from studies of pulsars (22), the 
‘observed correlation over an angular scale of 
‘only a few degrees for E ~ 60 EeV is indi- 
cative that most of the primaries are not heavy 
nuclei. 

These features are compatible with the 
interpretation that the correlation we observe 
is evidence for the GZK effect and the 
hypothesis that the highestenergy cosmic 
rays reaching Earth are mostly protons from 
nearby sources. 

The catalog of AGN that we use is in- 
‘creasingly incomplete near the galactic plane, 
Where extinction from dust in the Milky Way 
reduces the sensitivity of observations. De- 
flections from the galactic magnetic field 
are also expected to be significantly larger 
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than average for cosmic rays that arrive at 
‘equatorial Galactic latitudes, because they 
traverse a longer distance across any regular 
Galactic magnetic component, These effects 
are likely to have some impact upon the es- 
timate of the strength of the correlation, Six 
‘out of the eight events that do not correlate 
with AGN positions within our prescribed pa- 
rameters and reconstruction code lie less than 
12° away from the Galactic plane. 

Despite its strength, the comelation that we 
observe with nearby AGN from the V-C 
catalog cannot be used alone as a proof that 
AGN are the sources. Other sources, as long 
«as their distribution within the GZK horizon is 
sufficiently similar to that of the AGN, could 
cad Wo a significant correlation between the 
arrival directions of cosmic rays and the AGN 
‘positions. Such correlations are under investiga- 
tion in particular for the Infra-Red Astronomical 
Satellite (RAS) galaxies. The autocorrelation 
signal of the highest-energy events is also 
being investigated. It shows departures from 
isotropic expectations at angular scales be~ 
tween $° and 20° (23) and serves as an addi- 
tional tool to identify the spatial distribution 
‘of the sources, 

Conclusion. We have demonstrated the an- 
isotropy of the arrival directions of the highest 
energy cosmic rays and their extragalactic 
origin. Our observations are consistent with 
the hypothesis that the rapid decrease of flux 
measured by the Pierre Auger Observatory 
above 60 EeV is due to the GZK efleet and 
that most of the cosmic mays reaching Ean in 
that energy range are protons from nearby 
astrophysical sources, cither AGN or other 
‘objects with a similar spatial distribution. 

The number of high-energy cosmic-ray 
‘events recorded so far by the Pierre Auger 
Observatory and analyzed in this work cor- 
responds to 1.2 years of operation of the 
‘complete southern array. The data set that the 
observatory will gather in just a few more 
‘years should offer a better chance to unam- 
biguously identify the sources, The pattem 
‘of correlations of cosmic-riy events with 
their sources could also assist in determining 
the properties of the intervening magnetic~ 
field structures and in particle physics ex- 
plorations at the largest energies. Astronomy 
based on cosmic rays with the highest en- 
emgies opens a new window on the nearby 
universe. 
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IRE1 Signaling Affects Cell Fate 
During the Unfolded Protein Response 
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SUMM/é 


rganisn health depends on 
Jthe accuricy of the signals 
sent and received by constit- 
‘uent cells, Proteins, cither scented 
fiom the cell ar embedded in the 
plasma membrane 10 monitor the en- 
Vironment, transmit much of this 
information, On the basis of these 
signals, cells make vital decisions. 
‘when and where to divide, migrate 
‘or change shape, differentiate, oF di. 

Calls have evolved elaborate mech 
anisms to ensure the accuracy with 
‘which proteins are folded and assem 
bled before export or transport to the 
cell surface, Stringent quality con- 
{rol is imposed by the endoplasmic 
reticulum (ER), « membrane-bound 
labyrinth of tubes and sacs, where 
Virtually all plasma membrane andl 
seereted. proteins begin their joumey 
{o the surfice. Only property folded 
proteins are allowed to leave the ER: 
misfolded proteins are degraded. In 
this way, ces display of release only high-quality, functional proteins. 

‘To maintain fidelity, the cell needs to fold proteins as they are made, 
and this system needs to adapt to changing conditions. This feat is achieved 
by a set of intracellular signaling pathways, collectively termed the “un 
folded protein response” (UPR), which senses when the ER has accu- 
‘mulated too many unfolded proteins. The UPR then activates transcription 
‘of certain genes that serve to increase the ER’s protein folding capacity as 
‘needed. UPR signaling can protect cels from such ER stress by expanding 
the amount of ER in the cell, enhancing the degradation of misfolded 
proteins, and reducing the synthesis of new proteins. Ifhomeostasis cannot 
be reestablished, however, UPR signaling eventually induces cell death by 
apoptosis, an effective means of protecting the organism from rogue cells 
expressing dysfunctional signaling molecules. How does the UPR switch 
between these mutually incompatible life and death fates for the cell? 

No trigger for ER stress has been identified that selectively elicits only 
protective responses or only apoptosis. Instead, ER stress activates all UPR 
signaling pathways, thereby simultaneously producing antagonistic outputs. 
To address this paradox, we developed assays to examine the molecular 
‘behavior of three parallel branches of the UPR—govemed by the ER-stess 
sensors IREI, PERK, and ATF6, respectively—in human cells exposed to 
persistent, pharmacologically induced ER stess. As expected, all three branch 
5 Were activated upon induction of ER stress but, unexpectedly, the behavior 
of individual signaling pathways varied markedly with time after the onset 
‘of stress. The responses set in motion via IREI quickly attenuated within 8 
hours despite the persistence of the stress; the ATF6 responses showed some- 
‘what delayed attenuation (See figure). By contra, the responses mediated by 


PERK 


Cell fate all protection 


different time courses. 


The unfolded protein response. Accumulation of misfolded proteins (ER 
stress) triggers both cell protective and cell death responses, but with 


PERK persisted under prolonged ER 
stress and were still evident 30 hours 
afler stress onset. 

‘These findings suggested that the 
Varied time courses of the 
Vidual UPR branches influence the 
ccall’s ultimate fate in response to ER 
stress, To test this, we developed a 
chemical-genctic strategy 10 control 
IRE] and its downstream targets, in 
dependent of ER stress. We created 
isogenic human cells that expressed! 
‘an atifcil, crug-inducible- mutant 
IREL, which allowed us to sustain 
prolonged IRE1 signaling in the face 
of persistent ER stress. Cell survival 
‘was significantly enhanced under 
these conditions, demonstrating that 
the termination of IRE1 activity is an 
important factor in allowing cell 
death afler UPR activation, 

Last, we found similar timo-cated 
switches in the endpoint of the UPR. 
(rom cell protection to apoptosis) in 
animal models of a heritable degenerative proteinopathy —retiitis pigmen- 
tosa—where photoreceptor cells die as a result of the expression of 
misfolded rhodopsin molecules, leading to blindness, Our findings thus 
provide a molecular rationale for how cells control whether to live or die 
‘when confronted with ER stress. 

Pressing next questions include identifying the mechanisms by which 
different UPR branches can be selectively controlled. Phosphatases modulate 
PERK branch sctivity (/) and could also influence IREL signaling. Other 
‘ranscrptional, translational, and postiranslational regulatory. mechanisms 
‘ay also contribute. Furthermore, different cell types may tailor the UPR for 
their own needs. Which parts of the mode! apply to all cells and which are 
tailored to allow different cell types to “dial-in” physiologically appropriate 
tolerance levels to ER stress? Do tissues with inherently different IRE, 
ATF6, or PERK activities display greater or lesser resistance to cell death 
‘upon induction of ER stress? In addition to transcriptional output of the UPR. 
branches, direct protein-protein interactions may also contribute tothe control 
of apoptosis. Mammalian IRE1, for example, associates with the apoptosis- 
regulating BCL-2 protein family members BAK and BAX (2). IREL 
signaling activates the INK pathway, possibly by directly phosphorylating 
downstream targets (3). Finally, the association of ER stress with diverse 
hhuman diseases—cancer, diabetes, proteinopathies, and viral infections, 
raises the possibility of altering pathogenesis by manipulating the UPR. 


‘Summary References 
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Endoplasmic reticulum (ER) stress activates a set of signaling pathways, collectively termed 
the unfolded protein response (UPR). The three UPR branches (IRE1, PERK, and ATF6) promote 


cell survival by reducing mis 


\ided protein levels. UPR signaling also promotes apoptotic cell 


death if ER stress is not alleviated. How the UPR integrates its cytoprotective and proapoptotic 
‘outputs to select between life or death cell fates is unknown. We found that IRE1 and ATF6 
activities were attenuated by persistent ER stress in human cells. By contrast, PERK signaling, 
including translational inhibition and proapoptotic transcription regulator Chop induction, 
was maintained. When IRE1 activity was sustained artificially, cell survival was enhanced, 
‘suggesting a causal link between the duration of UPR branch signaling and life or death cell 
fate after ER stress. Key findings from our studies in cell culture were recapitulated in 
photoreceptors expressing mutant rhodopsin in animal models of retinitis pigmentosa. 


‘ways that collectively adjust the eell’s ER 

protein folding capacity according to need. 
‘As such, UPR signaling reestablishes. homeosta- 
sis in the face of changing developmental and 
‘environmental conditions, thereby preserving ER 
protein folding fidelity. Upon unmitigated ER 
stress, the UPR also triggers apoptosis. Thus, 
rather than produce misfolded or malfunctioning 
proteins, cells are eliminated, perhaps to protect 
‘the organism from rogue cells that do not receive 
‘or relay signals properly. 

Physiologic oF pathologie processes that 
cereale an imbalance between protein folding 
load and capacity induce the UPR though 
ER-resident transmembrane proteins—IRE 1, 
PERK, and ATF6—that act as sensors in the 
ER lumen and transmit the information to the 
rest of the cell (/), IRE1 is a transmembrane 
kkinase/endoribonuclease (RNAse) that, upon 
activation, initiates the nonconventional splic- 
ing of Xbp-1 mRNA (2, 3). Spliced Xbp-1 mRNA 
encodes a transcription activator that drives 
transcription of genes such as ER chaperones, 
whose products dircetly participate in ER pro- 
tein folding (4). PERK is a transmembrane ki- 
‘nase that phosphorylates the eukaryotic transation 
initiation factor 2 subunit a (clF2a), thereby 
‘reducing protein synthesis and counteracting ER 
protein overload (5), elF 2a phosphorylation also 
allows the selective translation of some mRNAS 
that contain small open reading. frames in their 
5" untranslated regions, thereby leading to the 
production of transcription activators such as 
ATE4 (6), ATE6 is a transcription factor that is 
made initially as an ER-resident transmembrane 
protein, Upon protein misfolding, the ATF6 
cytoplasmic domain (ATF6t) is liberated. from 
its membrane anchor by regulated proteolysis 


T: UPR comprises a set of signaling path- 
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(7, 8). The transcription factors thus produced 
(ic., XBP1, ATF4, and ATF6f) collaborate to 
activate UPR target genes, thereby controlling 
the cell's response to ER stress. 

Genetic studies have begun to assign cyto- 
protective o proapoptotic functions to individ- 
ual UPR target genes. For instance, expression 
‘of the ER chaperone BiP protects cells from ER. 
stress (9), whereas CHOP, a B-ZIP transcription 
factor induced by the PERK branch of the UPR, 
promotes cell death (/0). Paradoxically, all known 
ER stresses simultaneously clicit protective and 
toxic outputs from the UPR, and it has remained 
unclear how the UPR integrates these opposing 
‘outputs to arrive at a life or death decision. 

IRE1 signaling is attenuated during per- 
sistent ER stress. To determine the activation 
status of IREI affer ER stress, we examined 
Xbp-I mRNA splicing by reverse transcription 
polymerase chain reaction (RT-PCR) in human 
embryonic kidney (HEK) 293 cells (Fig. 1A). 
‘We observed the appearance of spliced Xbp-/ 
mRNA after treating the cells with tunicamycin 
‘or thapsigargin: agents that elicit ER stress by 
blocking N-linked glycosylation or inhibiting 
the ER Ca?* pump, respectively (Fig. 1B). Un- 
expectedly, we found a strong diminution in 
Xbp-I mRNA splicing with prolonged exposure 
to cither drug (Fig. 1B). Consistent with the 
mRNA splicing data, XBP-1* protcin levels 
(the form of XBP-I derived from its spliced 
mRNA) also decreased with prolonged drug 
treatment (Fig. 1B). Other human cell lines 
showed qualitatively similar effects, although 
they differed in the observed timing of onset 
and shutoff, as well as in the degree of Xbp-I 
mRNA splicing (fig. S1). 

To ascertain that loss of XZp- mRNA splic- 
ing at the late time points was not due to inac- 
tivation of the ER stress-inducing agents, we 
transferred media from HEK293 cells that had 
been treated with tunicamycin or thapsigargin 
for 24 hours (atime when litle Xbp- mRNA 
splicing was seen) to plates of fresh, untreated 
cells. After 4 hours of incubation in conditioned 
media, Xhp-1 mRNA splicing was induced to a 
degree indistinguishable to that seen in cells 
treated with fresh agents (Fig. 1C). 

We next tested if, at late time points, cells 
continued to accumulate misfolded proteins in 
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their ER or had acquired means of neutralizing 
the effects of the ER stress-inducing agents, To 
this end, we examined the glycosylation status 
‘of vascular cell adhesion molecule-1 (VCAM-1), 
a transmembrane protein that is cotranslation- 
ally inserted into the ER membrane where it 
becomes N-glycosylated (17). We transfected 
HEK293 cells with VCAM-1, added tunicamycin, 
‘and compared IREI activity with the glycosyl- 
ation status of VCAM-1 (Fig, ID). HEK293 
cells expressing VCAM-1 spliced Xdp-1 mRNA 
in a manner indistinguishable from that of wild- 
type (WT) als after tunicamycin treatment, and, 
as in untransfected calls, X2p-1 mRNA splicing 
progressively decayed back 1 baseline levels 
with prolonged treatment (Fig. 1D), VCAM-1 
was fully glycosylated before tunicamycin addi- 
tion and first became partially glycosylated and 
then unglycosylated (Fig. 1D). Not only the 
steady-state poo! but also all newly synthesized 
VCAM-1 was unglycosylated at later time points 
(Fig, 1B). 

‘To determine if other IREI-<dependent func- 
tions were attenuated in a manner akin to Xhp-1 
mRNA splicing, we examined the activation stae 
tus of c-Jun Naterminal kinase (JNK), In response 
to ER stress, IREI initiates a signal transduction 
pathway that activates JNK (12). In HEK293 
cells, JNK. was rapidly phosphorylated with ER 
stress (Fig. 1F). The initial burst in phosphoryl- 
ation was followed by a progressive decrease in 
phospho-JNK levels, a trend that paralleled 
Xbp-1 mRNA splicing (compare the time points 
from 4 hours to 20 hours in Fig. UF with the 
‘equivalent time points in Fig. 1B). Thus, cells 
responded to unmitigated ER stress by first ac= 
tivating and then attenuating IRE1 activity. 

Behavior of ATF6 and PERK signaling with 
persistent ER stress. To assess whether other 
‘branches of the UPR licit kinetic. behavior 
similar to that elicited by IRE1, we monitored 
ATF6 and PERK activities over time (after UPR 
induction). To measure ATF6 activation, we 
followed the liberation of its cleaved cytosolic 
fragment, ATF6f, using a FLAG-tagged ATF6 
reporter that recapitulated ATF6 processing 
‘upon induction of ER stress (/3). We saw rapid 
‘production of ATF6f after exposure of HEK293 
cells to ER stress (Fig. 2A). With prolonged ER 
stress, ATF6f levels diminished and ultimately 
disappeared (Fig. 2A). Thus, like IRE1 signal 
ing, ATF6 activation also diminished after pro- 
longed ER stress, albeit with different kineties: 
Although IRE! signaling decayed within 8 hours, 
cessation of ATF6f production was not apparent 
until afer at least 20 hours of continuous stress. 

‘The dynamics of the transcriptional targets 
of IREI and ATF6 were consistent with the in- 
duction kinetics of these ER-proximal UPR 
signal transducers. Induction of BiP mRNA, 
‘encoding an HSP70-class ER chaperone that is 
transcriptionally regulated by both ATF6E and 
XBP-I (4, 7), peaked at 8 hours after drug 
treatment and then dectined to near preinduction 
levels (Fig. 2C). 
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To assess the activation kinetics of the PERK 
bbranch of the UPR, we monitored the accumu- 
lation of phosphorylated PERK and its down- 
stream proxiuct: phosphorylated efF2a, PERK 
activation did not diminish even after prolonged 
ER stress (Fig. 2B). Consistent with this finding, 
the translational capacity of cells remained at- 
{enuated at all times after the imposition of ER 
stress (Fig. 2B). Similarly, we observed continu- 
‘ous production of ATF4 (Fig. 2B) and its tran- 
scriptional target Chop after ER stress (Fig. 2C), 
although there was some gradual diminution at 
the later time points. Thus, by contrast to IREL 
and ATF6, PERK. branch sctivation is largely 
sustained with unmitigated ER stress, 


Chemical-genetic control of IRE signating 
in human cells. To ask whether the attenuation 
‘of IRE1 activity had physiological consequences, 
‘we sought (0 selectively control IREI sctivity. 
We followed a strategy that permitted chemical 
regulation of IREI’s RNase activity using the 
adenosine triphosphate (ATP) analog 4-amino- 
|-ert-butyl-3-(V-naphthylmethyljpyrazolo[3 4-4] 
Pyrimidine (INM-PPI) (Fig. 3A), which binds 
selectively to the kinase domain of IRE! mutants 
bearing an enlarged ATP-binding site (/4). A 
leucine-to-glycine (Leu™*—+Gly"* (L745G)] mu- 
tation rendered yeast IRE1 sensitive wo INM-PPL 
We therefore constnicted an allele of human IREL 
in which the orthologous amino acid [isoleucine 


0 4 8 42 16 20 timeihy 


SBSH | phosphor 


Fig. 1. Kinetics of IRE1 signaling with persistent ER stress. (A) WT ireZa™* or IreTa’’~ mouse embryo 


fibroblasts were treated with tunicamycin (tm) (5 j1g/mD, and Xbp-1 mRNA splicing was determined by 


RT-PCR. Unspliced (u) and spliced (5) Xbp-1 mRNA products are indicated. The asterisk indicates the 
position of a hybrid amplicon (27). XBP-1° was detected by immunoblotting. Glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) levels served as a protein loading control. (B) HEK293 cells were 
treated with tm (5 g/ml) or thapsigargin (tg) (500 nM) for the indicated times. tm, red bars; tg, blue 
bars, Results are representative of five independent experiments. (C) HEK293 cells were treated with 
agents for the indicated times. At 24 hours, media containing drug were transferred to fresh cells. After 
4 additional hours, Xbp-7 mRNA splicing was determined by RT-PCR. (D) HEK293 cells, transfected with 
VCAN-1, were treated with tm (5 j1g/ml) forthe indicated times. Xbp-1 mRNA splicing was determined 
by RT-PCR. Mature and deglycosylated (dg) VCAM+21 species were determined by immunoblotting. (E) 
HEK293 cells, transfected with VCAM-1, were treated with tm for the indicated times and were pulse- 
labeled, and radiolabeled VCAM-I was detected after immunoprecipitation. The double asterisk 
indicates the position of a nonspecific band used as a loading control. (F) HEKZ93 cells were treated 
with tg for the indicated times, and phaspho-JNK protein levels were assessed by immunoblotting. Total 


JNK protein levels served as a loading control. 
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642 (Ile*)] was changed to glycine (Fig. 3A, 
“IREI(1642G)"] Because conventional transfec- 
tion or transduction gene expression activated 
the UPR constitutively and caused cell death 
(15, 16), we used flippase-mediated, site-specific 
DNA recombination to introduce the drug- 
sensitized IRE1(1642G) mutant allele dinvcly 
ito the genome of HEK293 cells bearing a 
defined fir site (17), No deleterious growth de- 
fects were observed in the transgenic cells ex- 
pressing the IRE1(I642G) allele, The UPR. was 
not constitutively induced in these cells, as ine 
dicated by the absence of spliced Xbp-1 mRNA 
(Fig. 3B, Ochours time poin). Application of 
INM-PPI alone induced robust splicing of Xp 
mRNA in IREI(I642G)expressing cls but had 
no effet en Xbp-1 mRNA in the parental cells 
(Fig. 3B). By contrast, the comespending 1NM- 
PPI-sensitizad allele in yeast required both ER 
ppotcin misfolding and INM-PPI to activate ACT 
mRNA splicing, The human allele, dhs, provided 
‘a molecular switch that could be togeled by INM- 
PPI regardless of ER pracin folding stats, 

‘We used IREI((642G)expressing cells to test 
if we could manipulate X2p-/ mRNA splicing 
during prolonged ER stress, As in WT cells, in 
the absence of INM-PPI, robust Xhp-/ mRNA 
splicing ocoumed in the transgenic eels after dr 
treatment at early ime points and then diminished 
al later time points (Fig. 3, C and D; compare 
top panels to Fig. 1A). Thus, the expression of 
the mutant allele had no deleterious effects on 
IRE! activation or attenuation by prolonged ER 
stress. By contrast, inthe presence of INM-PPI, 
Xbp-1 mRNA splicing in transgenic cells was 
induced and remained clevated (Fig. 
Thus, artifical activation of IRE 
INM-PPI overcame the attenuation of IRE: 
tivity seen upon prolonged ER stress, sustaining 
Abp-l mRNA splicing at levels approaching 
those seen at carly time points (Fig, 3, C and 
, bottom panels). Although INM-PPL activated 
IREI(I642G)'s RNAse activity, we detected no 
‘comparable activation of JNK signaling (fig. 
$2), indicating that the mRNA splicing func- 
tion of IRE 1(1642G) is selectively activated by 
INM-PPI. 

IRE1 activity enhances cell viability, INM- 
PPI control of IREI allowed us 10 assess the 
physiological consequences of IREI activation 
nd attenuation during the UPR. tn particular, 
we asked whether extended IREI activation 
would have a beneficial effect on cell viability 
upon prolonged ER stress. ER stress induced by 
both tunicamycin and thapsigargin is toxic to 
HEK293 cells. Forty-eight hours after treatment, 
less than 2% of the WT cells survived (Fig. 4 
and fig. $3). The addition of INM-PPI had no 
substantial effect, although it diminished the 
Viability of WT celts slightly (~25% reduction in 
Viable cell number) 

By contrast, INM-PPI treatment of HEK293 
calls expressing IREI(1642G) significantly im- 
proved their survival. At the 48-hours time point, 
cell numbers after thapsigargin and tunicamycin 
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Fig. 2. Kinetics of ATF6 and PERK 
with persistent ER stress. (A) HEK293 
cells, expressing FLAG-tagged ATFé6a, 
were treated with tg (500 nd for the 
indicated times, and ATF6I was 
detected by immunoblotting. GAPDH levels served as a protein loading control. (B) HEK293 cells 
were treated with tg, and phospho-PERK, phospho-elF2a, and ATF-4 levels were determined by 
‘immunoblotting, Total elF2c levels served as a protein loading control in the bottom panels, cells were 
treated with drug for the indicated times and were pulse-labeled, and radioisotope incorporation was 
measured via phosphoimaging. *S-MetCys, S-labeled methionine/cysteine. (Q) Cells were treated 
with agents (tm, red bars; tg, blue bars) forthe indicated hours, and normalized BiP (top panel) and 
Chop (bottom panel) mRNA levels were measured by quantitative PCR and shown relative to levels in 
untreated cells. Error bars represent SDs from five independent experiments. 
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Fig. 3. Chemical-genetic control of human IRE. (A) Alignments of a portion of the ATP-binding 
domains of yeast and human IRE1 are shown. The residue mutated to glycine is shown in color 
(28). The structure of the ATP analog, 1NM-PP1, is shown below. (B) Parental WT and transgenic 
HEK293 cells expressing 1NM-PP1—sensitized IRE1 were treated for the indicated times with INM- 
PP1 (5 uM), and Xbp-1 mRNA splicing was determined by RT-PCR. (C) Transgenic HEK293 cells 
were treated with tm (5 ig/ml) + 1NM-PP2 (5 Ml). Xbp-1 mRNA splicing was assessed by RT-PCR 
and quantified, Results are representative of five independent experiments. (D) Transgenic HEK293 
‘ells were treated with tg GOO nM) + INM-PP2 (5 iM). Xbp-T mRNA splicing was assessed by RT- 
PCR and quantified, Results are representative of five independent experiments. 
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treatment were 5 and 20 times higher, respec- 
tively, in the presence of INM-PPI than in its ab- 
sence (Fig. 4) Even in te absence of experimental 
inducton of ER stress, INM-PPI proved benefi- 
cial in cells expressing IRE1(I642G), affording 
a ~30% enhancement of cell growth (Fig. 4 and 
fig. $3). Thus, IREI signaling directly enhanced 
cell viability in the face of ER stress. 

UPR behavior in models of retinitis pigmen- 
tosa. The UPR has been postulated to play 
role in the pathogenesis of protein misfolding 
diseases (/8). Autosomal dominant retinitis pig- 
mentosa (adRP) is a human protein misfolding 
disease most commonly caused by a proline-to- 
histidine mutation at position 23 of rhodopsin 
(P23H rhodopsin) that leads 10 its retention 
Within the ER (/9-2/), Retinal photoreceptors 
‘expressing P23H rhodopsin ultimately die, lead- 
ing to blindness, but the molecular pathways 
linking rhodopsin misfolding in the ER to cell 
death are unclear (22). To explore whether the 
UPR is instrumental in retinal cell death, we 
‘examined its activation status in cells expressing 
P23H thodopsin. 

‘We assessed P23H thodopsin’s ability 10 in- 
duce ER stress in transfected HEK293 cells, In- 
creased BiP mRNA levels were detected in cells 
expressing two control ER-targeted. proteins, 
VCAM-1 and WT rhodopsin (Fig, SA), but not 
in clls expressing cytosolic green fhiorescent pro 
(cin (GEP), indicating that increasing the pro= 
tein folding load of the ER induced the UPR. 
BiP mRNA expression was significantly higher 
in cells expressing P23H rhodopsin as compared 
with cells expressing WT rhodopsin (Fig. SA), 
The rhodopsin mRNA levels were identical in 
cells expressing WT and mutant forms of the 
protein. Thus, P23H chodopsin is a more potent 
UPR inducer than WT rhodopsin, presumably 
because of its folding defect. 

We next examined BiP and Chop mRNA 
levels in retinas from transgenic rat models of 
adRP that express mouse P23H rhodopsin at 
low (P23H-3 Rho Tg) or high (P23H-1 Rho Tg) 
levels (23, 24). In WT Sprague-Dawley rats and 
those expressing the P23H rhodopsin transgene 
at cither level, BiP mRNA increased after the 
birth of photoreceptor neurons [postnatal day 6 
(PND 6)] and increased up to PND 10 or 12 
(Fig. SB). Thereafter, BiP mRNA levels selec~ 
tively dropped in both transgenic lines express 
ing P23H rhodopsin (Fig. SB, top panel). By 
contrast, Chop mRNA levels concomitantly in- 
creased in animals expressing P23H rhodopsin 
but remained low in WT animals (Fig. SB, bot- 
tom pand). The time course of BiP mRNA de- 
cline and Chop mRNA ise tightly matched the 
rate of retinal degeneration in P23H shodopsin 
transgenic animals (Fig. 5, C and D). Further: 
more, the changes in BiP and Chop mRNA levels 
in retinas expressing misfolded chodopsin mirtored 
the results scen in cell culture after prolonged ER 
stress (compare Figs. SB and 2C). Thus, selec- 
tive attenuation of cytoprotective UPR output 
‘coupled with sustained CHOP production —seen 
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Fig. 4. REL signaling enhances cell 
Viability. Parental WT and transgenic 
HEK293 cells were treated with the Frei aan! aah 
indicated agents, and adherent, & = * 
cresyl violet-stained positive cells $ § 6 
were counted at the indicated times “ 
and are shown relative to counts of i 2 
rmock-treated cells. Error bars rep ° 
tesent SDs from three independent 
experiments. The arrows indicate 340 2m aan 
P value < 0.01 when the comespond- 120 
ing samples + INM+PP2 were com- be, 1 tl 
pared (Student's ¢ test. i poy 
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Fig. 5. BiP and Chop expression in 
animals expressing P23H rhodopsin. (A) 
HEX293 cells were transfected as indi- 
‘ated, and normalized Bi mRNA levels 
were measured by quantitative PCR and 
are shown relative to levels in untreated 
cells. Values represent the means + SDs 
{rom five independent experiments, (B) Normalized BiP and Chop mRNA levels were measured in retinas 
{from WT Sprague-Dawley or transgenic rats expressing PZ3H thodopsin at high (P23H-1 Rho Tg) or low 
(P23H-3 Rho Ta) level] by quantitative PCR and are shown relative to levels at PND 6 (P6): atime when 
>95% of the mature complement of retinal photoreceptors has been generated. Error bars represent SDs 
= 0,003; *, P< 0.001 [as compared with age-matched WT animals 
(Student's ¢ test). (Q Light micrographs of representative retinal sections from the inferior posterior 
retinas of WT, P23H-1, and P23H-3 rats at the indicated ages. The outer nuclear layer (OND, which 

proportional to photoreceptor nuclei numbers, thins as photoreceptors degenerate, and rhodopsin 
Containing outer segments (arrowheads) shorten. Scale bar, 25 um. (D) The mean ONL thickness was 
‘measured in retinal cross sections from transgenic and WT rats at the indicated ages. Error bars represent 
‘SDs of ONL thickness from three to six animals at each age. The onset of ONL thinning in both transgenes 


afler drug-induced protein misfolding in vitro of, 
in the case of P23H rhodopsin, constitutive mis- 
folded protein production in vivo—contributed 
to cell death, 

Discussion. The UPR elicits paradoxical out- 
puts, inducing cytoprotective functions that rees- 
tablish homeastasis and cell destructive funetions 
that promote apoptosis. We found thatthe switch 
‘between cytoprotective and progpoptotic output 
lies in part in the duration of individual UPR 
‘branch activity. After rapid initial activation ofall 
UPR branches by ER stress, IRE! signaling was 
selectively allenusted in human calls, even though 
stress persisted. ATF6 signaling also declined 
with slower kinetics, yet PERK signaling per- 
sisted much longer in the presence of unmitigated 
ER stress, We observed enhanced cell survival 
after experimentally prolonging IRE1 signal- 
ing, thereby demonstrating a causal link between 
IREL activity and cell survival, Thus, IRED sig- 
‘naling atemuation by persistent ER stress emerges 
as a key step in making the life or death decision 
after UPR induction, 

(Our results suggest a model by which distinet 
‘combinations of individual UPR signaling. path= 
ways determine a cell's fate afler ER stress, The 
initial combined activation of IRE1, PERK, and 
ATF6 produces cytoprotective outputs such as 
reduced translation, enhanced ER protein folding 
‘capacity, and clearance of misfolded ER proteins, 
along with proapoptotic outputs such as CHOP 
‘production, Cytoprotective outputs would out 
weigh proapoptotic factors at this point, which 
would be helped by the relatively longer mRNA 
and protein halflives of factors such as BiP (25). 
This phase of predominantly beneficial UPR 
‘output would thus provide a “window of oppor 
tunity” for cells to readjust their ER to cope with 
stress. If these stops fil 1 reestablish homeostasis, 
IREL signaling and then ATF6 signaling are sten- 
vated, creating an imbalance in which unchecked 
Prospoptotic output guides the cell toward its 
demise, The variation in IRE1 signaling kinetics 
across different human cell types (fig. $1) may 
reflect differential susceptibility to ER stress 
induced cell death among different cells and or- 
gans, reinforcing growing evidence that the meta- 
zoan UPR is tailored toward the physiologic 
functions of particular organs and cell types (26). 

‘The experimental conditions used in our cell 
culture studies induce irreparable protein mise 
folding and resemble pathological processes in 
Which inherited mutations produce misfolded 
proteins. It was unexpected that in retinal degen- 
eration models, rhodopsin molecules bearing the 
‘causative mutation of the disease induced changes 
in UPR activity that resembled those observed 
with unmitigated stress after drug treatment, 
Whereas WT retinal cells induced BiP concom- 
itant with the developmental need to fold lange 
amounts of rhodopsin, retinal cells expressing 
mutant rhodopsin selectively shut down BiP 
production and increased CHOP production, 
suggesting that down-regulation of IRE1, coupled 
with maintenance of PERK signaling, may drive 
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the cell death seen with the P23H rhodopsin mu- 
tation, Similarly, insuflicient or imbalanced UPR 
‘output could also trigger cell loss in other diseases 
that arse trom persistent ER tess. 
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The Simplest Double Slit: 
Interference and Entanglement in 
Double Photoionization of H, 
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The wave nature of particles is rarely observed, in part because of their very short de Broglie 
wavelengths in most situations. However, even with wavelengths close to the size of their 
surroundings, the particles couple to their environment (for example, by gravity, Coulomb 
interaction, or thermal radiation). These couplings shift the wave phases, often in an uncontrolled 
way, and the resulting decoherence, or loss of phase integrity, is thought to be a main cause of the 
transition from quantum to classical behavior. How much interaction is needed to induce this 
transition? Here we show that a photoelectron and two protons form a minimum particle/stit system 
and that a single additional electron constitutes a minimum environment. Interference fringes 
observed in the angular distribution of a single electron are lost through its Coulomb interaction 
with a second electron, though the correlated momenta of the entangled electron pair continue to 


exhibit quantum interference. 


ne of the most powerful paradigms in 
Ox exploration of quantum mechanics 

is the double-slit experiment. Thomas 
‘Young was the first to perform such an exper- 
iment, as early as 1801, with light. It took until 
the late 1950s (J), long after the experimental 
proof of the wave nature of particles was re- 
‘vealed, for a similar experiment to be carried out 
‘with electrons. Today, such experiments have 
‘been demonstrated for particles as heavy a5 Cay 
(2) and for bound electrons inside a highly ex- 
cited atom (3). All of these experiments were 
aimed at a demonstration of double-slit self inter- 


ference for a single particle fully isolated from 
the environment. If, however, this ideal labora- 
tory situation is relaxed and the quantum par- 
ticles are put in contact with the environment in 
‘8 controlled manner, the quantum interference 
may be diminished so thatthe particles stat be- 
having in an increasingly classical way (4-6). 
Recently, Hackermiiller et al. (7) have demon- 
sirated this phenomenon by sending heated Cup 
clusters through a double slit. The hot molecules 
‘couple via the emission of thermal photons to 
the environment, and a loss of interference as a 
function of their temperature is observed. The 
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‘emission of the photons alters the relative phase 
between different pathways of the particle toward 
the detector, an effect referred to as decoherence. 
Such decoherence of a quantum system can be 
‘caused by single or multiple interactions with an 
‘extemal system (6). Limiting cases are one single 
hard interaction causing the decoherence by cn- 
tanglement with the external system and multi- 
ple weak couplings to external perturbers (for 
instance, a bath) atthe other extreme. A gradual 
transition between these two extremes has been 
demonstrated for photon scattering (6). 

‘We experimentally demonstrated that a sys- 
tem of two electrons is already sulicient to ob- 
serve the transition from quantum interference 
pattem to a classical panticle-like intensity dis- 
tribution for an individual clectron, The quan- 
tum coherence is not destroyed, however, but 
remains in the entangled two-electron system, 
By measuring the correlated momenta of both 
particles, we illustrate this interference pattem, 
Which is otherwise concealed in the two-body 
wave function, 

The idea of using a homonuclear molecule 
as the slit-scattering center of a photoelectron 
_20e8 back to paper published in 1966 by Cohen 
‘and Fano (8). Because of the coherence in the 
initial molecular state, the absorption of one 
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photon by the homonuclear molecule launches 
‘two coherent electron waves at each of the pro- 
tans of the molecule (Fig. 1, A and B). The in- 
terference pattem of these waves should be visible 
in the angular distribution of the electron, with 
respect to the molecular axis. In K shell ioniza- 
tion of heavy diatomics (eg, No and O3, as 
discussed by Cohen and Fano), interference is 
Visible nly if the symmetry (gorade or ungerae) 
of the molecule with a single 15 hole is resolved 
(9, 10). For ground-state Hy" and H molecules, 
only gerade orbitals are populated, and thus these 
systems constitute clean cases where siitike be- 
havior is expected (7). Stl, the originally pro 
‘posed experiment on Hp (//) has not bea camied 
‘oui, because it requires knowledge of the direction 
of the molecular axis (/2, 13). A signature of the 
iimerference effect has nonetheless been observed 
in the Wavelength dependence of electrons emitted 
from a randomly oriented sample of H molecules 
by ion impact ionization (14, 15). 

We extended the idea of Cohen and Fano 
from single photoionization 10 double photo- 


ionization to study the two-body interference of 
‘an electron pair. This electron pair is emitted by 
absorption of a single circularly polarized pho- 
ton from the Hs molecule (Eq. 1) 


bo + Hy = 2p? +2 a) 


‘ny symbolizes a photon of frequency v. The 
two electrons are distinguishable by their 
energy, which allows us to study the interference 
pattern as a function of the interaction strength 
‘or momentum exchanged between the two 
particles. 

Single photons from beamlines 4.0 oF 11.0 at 
the Advanced Light Source at Lawrence Berke- 
Jey National Laboratory were used to photocject 
both electrons of each Hz molecule. A super- 
sonic Hz gas jet was crossed with the photon 
beam. For each ionized molecule, the vector 
‘momenta of all fragment particles—both ions 
and both electrons—were determined in coinci- 
dence, The orientation of the H molecule, or 


Fig. 1. (A) Schematic view of a double-sit arrangement. A plane wave approaches the slit from the 
front. The slit separation is 2.4 au (the internuclear distance in H,), and the wavelength is 3.75 au, 
Which corresponds to an electron energy of 190 eV. (B) Photoionization by circularly polarized light 
launches a coherent spherical photoelectron wave at each nucleus of the molecule; the light propagates 
into the plane. (C) Geometry of the present experiment; circularly polarized light comes from the top. 
Al angular distributions shown in this paper are in the plane perpendicular to the photon propagation 
vector, ‘ema is the angle of the fast electron’s trajectory to the molecular axis, and ¢e«is the angle 
between both electron trajectories. (D) Measured electron angular distribution (emu) of the faster 
electron from double photoionization of H, by circularly polarized light. The orientation of the 
molecule is horizontal. Light propagates into the plane of the figure, the molecule is fixed +10" 
within the plane shown, E, = 240 eV, and the energy of the stow electron £2 = 0 to S eV, resulting in 
F, = 185 to 190 eV. (E) Angular probability distributions derived from Eq. 2 (blue line), RPA 
calculation (red), and multiple scattering calculation (black). 
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molecular double slit, was measured for each 
fragmentation by detecting the emission direc 
tion of the two protons, Once the two electrons 
‘are ejected, the protons rapidly fly apart along 
the molecular axis, driven by their mutual Cou- 
Jomb repulsion. A mulipartcle imaging technique 
(cold target recoil ion momentum spectrasco- 
PY) (16, 17) was used to detect all particles. The 
ions and clectons created in the intersection 
volume of the photon and gas beams were guided 
bby weak electric ($0 Viem) and magnetic ficds 
(8 G) toward two separate multichannel plate 
detectors with delayline readouts (78). From the 
Position of impact and the time of flight, the 
initial vector momentum of each particle can be 
determined. Only three particles (Iwo protons 
‘and one electron) nced to be detected, The mo- 
‘mentum of the second electron (in the present 
‘case the more energetic of the two) is deduced 
through momentum conservation of the wtal 
system. The Coulomb explosion of the two pro- 
tons at the equilibrium distance of Hy of 14 
‘atomic units (au) yields a kinetic enengy of about 
10 eV per proton (/9), and the total electron 
binding energy of Hz is about 30 eV. The 
experiment has been performed at wo different 
photon energies of E, = 240 and 160 eV, leaving 
about 190 and 110 eV of energy to be shared 
among the two electrons, respectively. At the 
high photon energies under consideration here, 
double photoionization of Hy leads in most cases 
{0 one fast electron and one slow electron (20), 

Figure 1D shows, for ionization by 240-eV 
photons, the measured angular distribution for a 
highly energetic electron (called “I here) of 
‘energy Ey: 185 eV <E; < 190 eV. The second 
cloctron, unobserved here, acquires an energy of 
only E; <$ eV, The angular distribution is in 
the plane perpendicular to the photon propaga- 
tion vector, and the molecular axis is oriented 
horizontally in that plane, (The data plotted in- 
clude events where cectron 1 and the molecular 
axis lie within 10 degrees of the ideal plane per 
pendicular to the photon propagation direction) 

‘The experimental data show a strong inter 
ference pattem that qualitatively resembles the 
pattem induced by a double slit. For the optical 
<double-slit experiment in which the interference 
results from a superposition of two coherent 
spherical waves, the intensity distribution 1 is 
given by Eq. 2 


1(®,-met) 
= Coog [HX RX cON8-m)] 


In our case, R is the internuclear distance 
(14 au for H2), ®t is the angle of electron 
‘emission with respect to the internuclear axis 
(12), kes the momentum of the electron, and C 
is a proportionality constant. An electron energy 
of 190 eV (as in Fig. 1) corresponds to A, = 3.75 
‘au. The double-slit prediction of Eg. 2 is shown 
by the blue line in Fig, 1E. 
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‘The deviations from the double-slt predic- 
tion can be understood from the somewhat 
‘more elaborate theoretical treatment shown in 
Fig. 1B. By treating the electrons as spherical 
‘waves, the simple approximation in Eq. 2 ne- 
¢glects the fact that the electrons are ejected by 
circularly polarized light and further that they 
‘must escape from the two-center Coulomb po- 
tential ofthe two nuclei. The helicity of the light 
leads to a slight clockwise rotation of the an- 
‘gular distribution, as seen in the experiment and 
the more elaborate calculations. The Coulomb 
weraction with the nuclei has two major effects. 
ist, the wavelength of the electron in the vie 
Cinity of the protons is shorter than the asymp- 
totic value. This property modifies, in particular, 
the emission probability along the molecular 
axis due to a phase shift in the nearfield (2/). 
‘Second, the original partial wave emerging from, 
‘one of the nucle’ is scattered atthe neighboring 
‘nucleus, thereby launching another partial wave. 
‘Thus, the final diffraction pattem is the super- 
position of four (or more) coherent contribu- 
tions: the primary waves from the left and right 
tnuclei and the singly or multiply scattered 
‘waves created subsequently in the molecular 
potential, We performed to calculations to take 
the helicity of the photon, as well as multiple 
scattering effects, into account. The first caleu- 
lation (red line in Fig. 1E) was based on the 
‘random phase approximation (RPA) (22), and 
the second (block line in Fig. 1E) entailed a 
multiple seattering calculation, wherein a spheri- 
ceal wave is launched at one proton (23). This 
\wave is then multiply scattered in the two-center 
‘potential of two protons, which is terminated at 
4 boundary. The direct and multiple scattered 
‘waves are then coherently added and symme- 
rized, Although conceptually very different, 
both caleulations account for all of the relevant 


Fig. 2. (A) Electron angular distribution as in 
Fig. 1D but for E, = 160 eV, Ep <1 eV, and E: = 
110 eV. (B) E, = 160 eV and 5 eV<£, < 25 eV, 
‘resulting in E, ~ 85 to 105 eV. (C and D) Angular 
distribution of a single electron of energy E for 
the energy distributions in (A) and (8), respec- 
tively. Red, Eq. 2; blue, RPA calculation; black, 
‘multiple scattering calculation. 


physical features: the two-center interference de~ 
fermining the position of minima and maxima, 
the molecular potential altering the relative height 
‘of the peaks, and the helicity of the ionizing 
photon inducing a rotation. The details of the 
molecular potential differ in the calculations. 
The RPA uses a Hartree-Fock potential, whereas 
the multiple scattering calculation assumes two 
bare protons. 

The full calculations treat the emission of a 
single electron. Therefore, their good agreement 
with the experimental data (Fig. 1D) obtained 
from double ionization might be surprising. This 
suggests that the additional emission of a slow 
electron does not substantially aller the wave of 
the fast particle. For the particular case in which 
the electron pair consists of a fast and a very 
slow clectron, the diffraction of a coherent eloc- 
tron pair can be treated by simply neglecting the 
slow electron. 

This simple one-particle picture completely 
{ails in scenarios where Lower primary and higher 
scattered electron energies result in stronger cou 
pling between the electrons. Figure 2, A and B, 
shows the results for different enemy partitions 
‘of the first and second electron after ionization 
by 160-¢V photons. Whereas for £; ~ 110 eV 
and E; <1 eV the interference is still visible 
(Fig. 2A), it completely disappears when £, = 
95 eV and 5 eV < Ey < 25 eV (Fig. 2B). In the 
lauter case, the distribution approaches the iso- 
tropic result without two-center interference. By 
comparing these data to the comesponding. the- 
retical estimates (Fig. 2, C and D), we can now 
show that the observed loss of interference con- 
trast is a result of decoherence and not of the 
‘changing electron wavelength. 

‘Coulomb interaction between two quantum 
‘mechanical systems (electrons 1 and 2 in our 
cease) does not destroy phases. Rather, it en- 
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tangles the wave functions of the two subsys- 
tems (24, 5). In our experiment, we observed 
‘both electrons in coincidence. Therefore we can 
investigate this entangled two-particle system to 
search for the origin of the apparent loss of co- 
hherence in a single-particle subsystem. Figure 3 
shows the comdation in this two-body system. 
The horizontal axis is the angle of the fist- 
electron momentum, with respect to the molec- 
ular axis (ie, the angle that is plotted in all 
other figures), The vertical axis is the angle 
between the two electron’s momenta. It may 
bbe helpful to think of the horizontal axis as the 
scattering of electron 1 by the double slit and 
the vertical axis as the scattering angle be- 
tween the clectrons. Marked interference pat- 
tems emerge in this display of the two-particle 
wave function, No vestige of these pattems re- 
mains, however, if the distribution is integrated 
‘over the vertical axis, 

‘When subsets of the data with restricted an- 
gular ranges of @,.. = +70-+20° (Fig, 3, Band 
©) and @. = ~70 + 20° (Fig. 3, D and E) are 
‘examined, then the interference pattern is resur 
rected (here, ®,.« is the angle between both cleo 
tron trajectories), However, depending on the 
angle between the electrons in the selected subset 
‘of the data the interference patter is tilted 4 the 
right (Fig. 3C) or left (Fig. 3). Without the re- 
striction of this relative angle, the shifted minima 
and maxima cancel each other out, leading to the 
almost isotropic distribution of Fig. 2B. 

The interference maxima are concentrated 
‘along two horizontal lines. These lines of highest 
intensity lie at a relative angle of about 100° 
between the two electrons. This distribution is a 
well-known indication of the mechanism where- 
bby the absorption of a single photon by one 
‘electron can induce its ejection, as well as that 
of the other electron, afler their binary col 
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Fig. 3, Correlation between both electrons for double photoionization of H. at E, = 160 eV and 5 eV < 


£; <25 eV, comesponding to E 


85 to 105 eV. (A) x axis: angle of fast electron to the molecular axis 


(©, no) (See Fig. 10, and y axis: angle ©... between the two electrons. Both electrons and the 
molecule are selected to lie within +30" ofthe polarization plane. Thus, Fig. 28 isa projection of this 
figure onto the horizontal axis. (B) Projection of (A) onto the horizontal axis for 50° <e-c < 80°. (C) 
Polar presentation of the data shown in (B). (D) Projection analogous to (B) for —B0° < ty. < -50°. 


() Polar presentation of data shown in (D). 
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(20, 25) The angles ,_.= 90° and &,_..=-90° 
correspond to a kick of the second electron, 
either to the left or the right. This strong electron- 
electron Coulomb inteniction mediates the double 
‘ionization and creates an entanglement between 
the two electrons. Electron collisions of this sort 
in bound systems have been demonstrated di- 
rectly in pump-probe experiments (26). 

This situation is an intramolecular version of | 
4 scattering event downstream of a double slit 
(27, 6). When cither photons (6) oF particles 
(27) are scattered from a beam after passage 
through a double slit, the scattering induces a 
‘phase shifl, which then leads 10 a shift of the 
interference pattem. Ifthe momentum transfer is 
‘not measured in coincidence (6), the fringe vis- 
ibility is lost. In this experiment, both electrons 
are initially delocalized inside the molecule in a 
completely coherent single quantum stste, Be- 
fone photoabsorption, both electrons are confined! 
in the hydrogen ground state, which is symmetric 
‘with respect to is two atomic centers, Thus, we 
‘observed not a scattering between classical lo- 
alized pasticles but a coherent entanglement of 
the wave function of the two electrons. 

Ics instructive to think of the electronic two- 
body system as split into its subsystems and 
to consider one subsystem as the environment 
fof the other. The strong Coulomb interaction 
centangles the (Wo subsystems and leads to a 
position-dependent modification of phase of 
the single-particle wave function inside each 
Of the to subsystems, The entanglement of the 
electrons in the pair is directly visible in their 
‘mutual angular distribution and is. further 
evidenced by the observation that selecting the 
momentum of one electron makes the interfer- 
‘ence pattem of its partner reappear. In the spirit 


of discussions dating from the carly history of 
‘quantum mechanics, one particle can be con- 
sidered an observer that carries partial informa- 
tion about the other particle and its path through 
the double slit The amount of which-way in- 
formation exchanged between the particles is 
limited by the observer particle's de Broglie 
wavelength (28). The key difference between 
the situation depicted in Fig. 2A (which shows 
interference) and Fig. 2B (which shows no in- 
terference) is that the wavelength of the second, 
unobserved electron is much shorter in the latter 
case. 

‘Our experiment thus reveals that avery 
small number of particles suffices to induce the 
emergence of classical properties, such as the 
loss of coherence. A four-body system, such 3s 
fragmented molecular hydrogen, acts as a double 
slit in the sense that coherence is lost in a sub- 
system of entangled electrons. Such a fundamen 
tal system facilitates the study of the influence 
‘of interelectronic Coulomb interactions on the 
‘coherence properties of single electron. In solid- 
state-based quantum computing devices, such 
electron-electron interaction represents. a_key 
challenge. One advantageous aspect ofthe finite 
system investigated here is that, theoretically, it 
is fully tractable at present (29-32) 
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Accelerated Uplift and Magmatic 
Intrusion of the Yellowstone 
Caldera, 2004 to 2006 


‘Wu-Lung Chang,"* Robert B. Smith, ™* Charles Wicks,” Jamie M. Farrell,” Christine M. Puskas” 


The Yellowstone caldera began a rapid episode of ground uplift in mid-2004, revealed by Global 
Positioning System and interferometric synthetic aperture radar measurements, at rates up to 7 
centimeters per year, which is over three times faster than previously observed inflation rates. Source 
‘modeling of the deformation data suggests an expanding volcanic sill of ~1200 square kilometers at 
4 10-kilometer depth beneath the caldera, coincident with the top of a seismically imaged crustal 
‘magma chamber. The modeled rate of source volume increase is 0.1 cubic kilometer per year, similar to 
the amount of magma intrusion required to supply the observed high heat flow of the caldera. 
This evidence suggests magma recharge as the main mechanism for the accelerated uplift, although 
pressurization of magmatic fluids cannot be ruled out. 


in North America (ig. 1A). The youngest 

of three giant eruptions that formed the 
field occurred 640,000 years ago, creating the 
40-km-wide by 60-km-long Yellowstone cal- 


T: Yellowstone volcanic field is the largest 
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<dera. This eruption was followed by 30 smaller 
eruptions of dominantly rhyolite flows, the 
youngest 70,000 years ago (/). Earthquakes, 
ground deformation, very high heat flow, and 
the world’s largest distribution of hydrothermal 
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features characterize Yellowstone (2, 3), sim= 
ilar to those of other silicic voleanic fields such 
as Long Valley, California, and Phlegrean Fields, 
Italy (4, 5), 

Geodetic measurements of Yellowstone from 
1923 102004 using precise leveling, GPS (Global 
Positioning System), and InSAR (interfero- 
metric synthetic aperture radar) have revealed 
multiple episodes of caldera uplift and sub- 
sidence, with maximum average rates of ~1 to 
2 envyear generally centered at its wo re 
ssurgent domes, Sour Creck and Mallard Lake 
(6-8). In addition, an area northwest of the 
caldera near Norris Geyser Basin experienced 
periods of substantial ground deformation (8, 9). 
“These spatial and temporal variations of the 
Jowstone unrest also conelated with pronounced 
changes in seismic and hydrothermal activity 
(9, 10) (Fig. 1B). 
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‘The University of Utah and the Plate Bound- 
ary Observatory (PBO) operate twelve continuous- 
recording GPS stations in Yellowstone to mon- 
itor ground movement (//) (Fig. 1A). Temporal 
‘Variations of the vertical deformation (Fig. 2A) 


show I to 2m of subsidence in the caldera (ee, 
at station LKWY) and uplift in the Norris area 
(atstation NRWY) during the first 6 months of 
2004. The caldera motion then suddenly re- 
versed 10 uplift in July 2004 at unexpected 


Number of Earthquakes per Quarter 


‘900 


1805 Year 1990 


Fig. 1. (A) Volcano tectonic setting and GPS station locations of the Yellowstone volcanic field. 
White circles are earthquake epicenters from October 2004 to March 2007. SC indicates Sour Creek 
resurgent dome; ML, Mallard Lake resurgent dome; NGB, Norris Geyser Basin; and MHS, Mammoth 
Hot Springs. GPS station names are abbreviated to four-character codes. Ma, million years ago. (B) 
Time sequence of Yellowstone vertical ground motions and quarterly earthquake counts. Different 
symbols represent early geodetic measurements (6-9). The yellow shaded area highlights the 
period of accelerated deformation reported in this study. Note that the 1923-1976 and 1976— 
11984 rates were each determined from only two measurements. 
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hhigh rates, ~7 cm/year at station WLWY, 
whereas the Norris area began to subside 
about 3 months later, Accelerated horizontal 
‘movements correlated in time with the changes 
in vertical motions (fig. S1). The GPS data 
also reveal a near-simultancous inception of 
uplift across the entire caldera (Fig. 2A), in 
‘contrast to the previous observations that de- 
formation shifted laterally from the Sour 
Crock dome toward the Mallard Lake dome 
in 1 to 2 years (7), 

InSAR measurements (ENVISAT IS1_ and 
1S2 modes) from 2004 to 2006 (1), with a spatial 
‘resolution of ~30 m, reveal ground motions that 
are consistent with the GPS observations (Fig. 
2B and fig. S2). The inflation increases symmet- 
‘ically toward the caldera center about the long 
axis (nomheast-south west), with the highest rate 
of ~7 em/year at the Sour Creck dome being 
three to five times faster than uplift rates in 1923. 
1984 andl 1995-1997 (Fig. 1B), The Nomis sub- 
sidence is ~3 em/year, more than two times 
‘greater than the 1996-2002 uplift rate in this area, 
‘The GPS horizontal velocities, in addition, indi- 
‘cate ground motions directed outward from the 
caldera at 0.8 to 2.2 em/year and inward to the 
Nomis area at 0.7 1 2.0 cm/yeat 

To evaluate the causes of the observed rapid 
deformation, we jointly inverted the GPS and 
InSAR data (/2) for the geometry and expan- 
‘sion or contraction of rectangular dislocations 
in a homogencous clastic half-space 1 sim- 
‘ulate inflating and deflating volcanic vol 
‘umes. A nonlinear optimization method was 
‘used to determine the source model that min- 
imizes the difference between the observed 
‘and predicted ground motions (/3), Uncer- 
tainties of model parameters were evaluated 
by ax! method (1/). 

The besteiting sources for the GPS and 
IS2 InSAR data include an expanding sill- 
like volume dipping $°SE (5°NW to 15°SE) 
ata depth of 10 km (6 to 14 km) beneath the 
Yellowstone caldera and a contracting vol- 
‘ume dipping 12°SE (7°NW to 18°SE) at a depth 
‘of 8 km (6 to 16 km) under the Norris area 
(Fig. 3). The average rates of volumetric change 
are 0.11 km/year (0.10 to 0.12 km’/year) and 
0.01 km'/year (-0.005 to -0.015 kmr'/year) 
for the inflating and deflating sources, respec- 
tively. A joint inversion of the GPS and ISI 
InSAR data also resulted in similar source 
parameters, indicating the robust nature of the 
modeling results (fig. $3). Our models, assum- 
ing uniform constitutive properties, predict ~90% 
‘of the observed ground motion within the data 
confidence limits, We also tested the effects of 
crustal heterogencity by including layers with 
different elastic constants and showed that 
they would not notably affect our modeling 
results (1/). 

Episodic intrusion or recharge of magma 
into the upper crust has been proposed as a 
‘mechanism for previous Yellowstone caldera 
uplift (7, 2). In this conceptual model, basaltic 
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Fig. 2. (A) Temporal variation of vertical ground motions of labeled 
Yellowstone GPS stations. Each dot represents a daity position determination. 
Light gray bars are 2-c error. Red and blue dat-dash lines mark the inceptions 
‘of the uplift and the subsidence, respectively. Deformation rates are the slopes 
‘of the interpolated lines. (B) A stacked InSAR interferogram (ENVISAT IS2 mode) 
from 22 September 2004 to 23 August 2006 overlain with averaged GPS 


‘magma originating from a mantle plume a 
depths of ~30 km ascends buoyantly through 
the crust, providing thermal energy to partially 
melt crustal rocks and create the rhyolitic 
‘magma component that characterizes the silicic 
Voleanism. The basaltic and rhyotitic magmas 
then crystallize and cool, releasing energy re 
sponsible for Yellowstone's extraordinarily 
high heat flow of ~2000 mW/m? measured 
from Yellowstone Lake (/4) and geochemical 
evidence (3). 

Seismic tomognphic imaging provided 
direct evidence for the partially molten crustal 
‘magma chamber beneath the caldera (15) 
‘Anomalies of low P-wave velocity, up 0 6% 
at depths of 8 to 16 km were interpreted as a 
body of crystallized magma of ~4000 km* 
directly underlying the caldera. The top of this 
body and our modeled sill overlap (Fig. 3), 
implying that the accelerated uplift is caused 
by inflation from the shallow part of the 
‘magna chamber. Moreover, to maintain the 
observed caldera heat flux requires a magma 
crystallization rate of ~0.1 km'/year (3), 
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which is comparable to our modeled source 
expansion rate. 

We thus suggest thatthe 2004-2006 episode 
of accelerated inflation occured in response 10 a 
‘caldera-wide magma recharge of the Yellowstone 
voleanic system. Such ahigh rae of intrusion may 
have occurred during past uplift episodes, for 
example between the first two leveling surveys in 
1923 and 1976, when the caldera rose a total of 
~75 cm but the rate of 1.4 cmiyear was linearly 
interpolated between observations (Fig. 1B). 

‘An altemate interpretation for the caldera 
uplift is that magmatic fuids (water and gases) 
exsolved from magma crystallization were trapped 
beneath impermeable rocks, causing pressuriza- 
tion of the deep hydrothermal system and in tum 
inflating the ground surface (Fig 4). Crystallizing 
0.1 km’ year of rhyolitic magma, which is re- 
‘quired to provide the observed thermal heat flow, 
and trapping all the released water would result in 
volumetric expansion of ~0.013 km year 3, 16). 
‘This value, however, is about 10 times smaller than 
the source inflaton rate of 0.11 km? year respon 
sible forthe current uplift. Although the volumetic 


VOL318 SCIENCE 


INSAR Legend 


LOS displacement (cm) 


uplift 0 —» subsidence .2.8 


velocities from 07 October 2004 and 07 October 2006. The line-of-sight (LOS) 
displacement of Earth’s surface toward the satellite from the interferogram 
infers a total uplift of about 11 cm in the west part ofthe caldera and as large as 
15 cm at the Sour Creek resurgent dome and a subsidence of 6.6 cm near the 
Norris Geyser Basin, White and black arrows represent horizontal and vertical 
velocity vectors, respectively. Black ellipses and bars are scaled 2-c errors (12). 


‘expansion could be greater if gas discharge is 
taken into account, this mechanism requires a 
rapid increase in fluid exsolution from magma 
‘rystallization to account forthe accelerated cal- 
<dera uplift and is thus a less viable cause for the 
‘observed deformation. 

‘Source modeling of early episodes of caldera 
inflation (7, 17) imply geometries and depths 
similar to those from our mode! but much lower 
rates of volumetric increase, 0.01 10 0.03 km’/year, 
which are comparable to the rates ffem the above 
magmatic fluid model. This evidence suggests 
that pressurizing fluid systems near the top ofthe 
crustal magma reservoir is a plaisible source 
mechanism for the previous uplift episodes. 
‘Therefore, magmas intrusion and fluid pressuri 
tion should be considered as jointly operating 
‘processes to explain the accelerated caldera uplift 
reported here, although our estimate of large 
YYolume increase implies the former as a preferred 
source model. Further independent observations, 
‘such as temporal microgravity changes, capable of 
resolving mass and density variations of the 
‘magmiatic reservoir would be useful to discrim- 
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Fig. 3. (A) Observed Yellowstone ground motion, 2004-2006. Black and 
white arrows are vertical and horizontal velocity vectors, respectively, measured 
bby GPS, Background colors represent average LOS velocities interpolated by 
reduced InSAR data points (gray crosses) (12). (B) Modeled ground mation. 
‘Surface projections of the modeled expanding and contracting sits are shown 
by red and gray rectangles, respectively. Sotd lines highlight the tops of the 
sills, (C) Modeled and observed ground mation along the profil A-A’ in (8). (D) 


inate the contribution between the two different 
voleanie mechanisms (/8, 19). 

‘The inflation of the magmatic sill can in 
duce dilatational strain in the surrounding 
‘voleanic rocks (Fig. 4), leading to an increase 
in permeability and a decrease in pore pressure 
bby opening new or selfssealed fctures. Accord- 
ingly, the dilated zone beneath the northern 
caldera can experience lower pore pressure 
relative to the hydrothermal reservoirs beneath 
the Norris area. This induced pressure gradient 
can thereby drive fluids southeastward into 
the caldera, depressurizing the Norris hy<dro- 
thermal systems and causing the ground there 
to subside. Previous studies also implied that 
the widespread hydrothermal and volcanic 
features across the northem caldera boundary 
indicate highly fractured and permeable crustal 
rocks, providing pathways for fluid migration 
(9,16). 

We therefore propose that the 2004-2006 
deflation near Norris Geyser Basin was in re- 
‘sponse to 2 redistribution of hydrothermal fuids 
Sa consequence of caldera inflation. Moreover, 
‘earthquake activity during the deformation peri- 
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solve for the geometry of 


‘od was concentrated near the northem caldera 
boundary, while the rest of the caldera experi- 
enced low rates of seismicity (Fig. 1A), Volue 
metric expansion of crustal rocks due 10 the 
‘induced dilatation can increase the strain rate and 
promote brittle fracturing. With fluids migrating 
from the Norris region into the caldera, earth- 
quakes can be induced within the dilated zone 
between the inflating and deflating source vol- 
umes (Fig. 4). 

‘The caldera-wide accelerated uplift reported 
here is imterpreted as magmatic recharge of the 
Yellowstone magma body (20). Although the 
geodetic observations and models do not imply 
an impending voleanic eruption or hydrothermal 
explosion, they are important evidence of on- 
going processes of a large caldera that was 
produced by a super volcano eruption, 
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Fig. 4. Schematic diagram of plausi- 

‘ble magmatic and hydrothermal pro- 

cesses responsible for 2004-2006 
accelerated Yellowstone caldera uplift ° 
and Norris subsidence. Black dots are 
‘earthquake hypocenters from October 
2004 to March 2007 (ee Fig. 1A for 
the epicenters). The yellow area shows 
the seismically imaged magma body 
in Fig, 3E. Background colors repre 
sent cubical dilatation, in unit changes 
‘of volume, induced by the modeled 
inflating sill, Fluids exsolved from 
magma crystalization can be trapped 
beneath the nonpermeable rocks near 
the brittle-ductile transition zone, 
taken as the 80th percentile focal 
depth of earthquakes (white dashed 
line) (21, 22), to produce the caldera 
vplift. 
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Yellowstone caldera 
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Updated GPS data show that this episode of Yellowstone 

Caldera uit cntnung as of September 2007 (by. SU. 

ALS, RL Bruhn, | Geophys. Re 89, 5733 (1980. 

SS Husen, RB Sth, Bul Seamol. Soe. Am 98, 880 

2008) 
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Observation of the One-Dimensional 
Diffusion of Nanometer-Sized 


Dislocation Loops 


K, Arakawa,"* K. Ono,? M. Isshiki,’ K. Mimura,” M. Uchikoshi,” H. Mori* 


Dislocations are ubiquitous linear defects and are responsible for many of the properties of 
crystalline materials, Studies on the glide process of dislocations in bulk materials have mostly 
focused on the response of dislocations with macroscopic lengths to extemal loading or unloading. 
Using in situ transmission electron microscopy, we show that nanometer-sized loops with a Burgers 
vector of ¥6(111) in a-Fe can undergo one-dimensional diffusion even in the absence of stresses 
that are effective in driving the loops. The loop size dependence of the loop diffusivity obtained is 
explained by the stochastic thermal fluctuation in the numbers of double kinks. 


the hardness and toughness of crystalline 

materials is often govemed by the gener- 

ation and motion of linear defects termed 
dislocations (/). Previous studies on the glide 
process of dislocations in bulk materials have 
focused on the response of dislocations with 
‘macroscopic lengths to extemal loading or 
‘unloading (/, 2). On the other hand, it is known 
that nanoscale dislocations can be formed as 
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Joops in bulk materials by the agglomeration of 
selfinterstitial atoms, which are produced upon 
energetic particle imadiation, in the shape of 
disks, Recent molecular dynamics (MD) caleu- 
lations have shown that in metals and alloys, 
extremely small interstitial-type dislocation loops 
With diameters of less than a few nanometers can 
undergo fast one-dimensional (1D) glide diffu- 
sion in the direction of their Burgers vector, b, 
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‘even under zero stress (3-7), This phenomenon 
‘has also been examined theoretically (8-10). 
Other computational and theoretical studies 
‘have shown that the loop diffusion plays a cen- 
tral role in the degradation processes of mate~ 
rials for nuclear fission and nuclear fusion, upon 
high-energy particle irradiation (//, 12), 

One MD study has shown that the highly 
diffusive loops with b values of ¥4[111] in a-Fe, 
Which are smaller than ~2.4 nm in diameter, 
can be regarded as bundles of erowdions with 
[111] axes (6). A crowdion is a kind of a self 
interstitial atom (/3); it has a long-range 
‘compression-strain field in a close-packed direc- 
tion, and its center of mass can easily move one~ 
dimensionally along the axis, The crowdion 
bundles move by the almost independent mo- 
tions of the constituent crowdions along theit 
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axes. The mamer of the motion of the crowdion 
‘bundles seems to difler from that of “conventional 
dislocations” which move lke strings because of the 
‘cogperative motion of atoms around the core (J). In 
contrast, loops larger than erowdion bundles are 
regarded as the simple loops of the “conventional 
dislocations” However, such loops did net show any 
significant movement during the span calculated by 
MD cn the order of nanoseconds (6); terete, their 
Aiffusion process is difficult to examine by MD. 

In contrast, experimental stxies using trans- 
mission electron microscopy (TEM) have shown 
that nanometerssized loops can perform a glide mo- 
tion (4-16) However, these esis were any qual 
tative and the crgin for the loop mon was not clear 

We used in situ TEM to examine the motion 
process of nanometer-sized 111) 
tional” loops (59 nm in diameter in a 
purty of 99.998 weight % (table $1) upon heating 
under the application of no extemal stress and 
negligible internal stresses. Our study was 
motivated by the following essential but un- 
resolved questions: Can “conventional” loops 
undergo diffusion? If they can diffuse, how 
high is their diffusivity? How do loops undergo 
the diffusion? 

We performed two kinds of experiments: (i) 
measurement of the dependence of the motion 
fraction of loops on temperature and time, and (i) 
‘examination of the behavior of almost isolated 
loops. Figure 1 shows the experimental setup for 
‘both experiments (/7). The surfaces of the TEM 
thin foils were sot at almost (011) so that we could 
ect only loops whose b values (14(11T] and 
[1T1)) were almost parallel to the surfaces for 
the examination of the behavior of almost 
isolated loops, By this procedure, we mini- 
mized the force applied onto these loops along 
their direction of motion from the surfaces. In 
the examination of the behavior of almost iso- 
lated loops, other intemal stresses were also 
reduced to a level at which they could not affect 
the loop behavior (17). Using the specimens that 
satisfied the above condition, we observed the 
‘projection of the loop motion onto the sereen at 
{emperatures ranging from 290 t0 700 K. 

Loops occasionally exhibited 1D motion. The 
dependence of the motion fraction of the loops on 
temperature and time is shown in fig. SI and 
‘movie S1. Here, the motion fraction is defined as 
the ratio of the number of moving loops to that of 
the visible loops. The “mobile” loops become 
immobile below ~450 K (the atmosphere forma- 
tion temperature 7.) once the specimen is heated to 
‘ temperature above 7,. This suggests that the Cot- 
troll atmosphere (18) of the interstitial impurity 
‘atoms with high diffusivity—such as C and N 
(/9)—is formed around the loops when approach 
ing 7,, and the atmosphere locks the loops below 
Tz. The equilibrium concentration of the impurity 
‘atoms that compose the atmosphere is obtained 
by the Fermi-Dirae distribution function (20). For 
‘example, the binding energy between a C atom 
andan edge dislocation is 0.7 eVat the maximum 
(21), These sites are occupied by C atoms up to 
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100% at 450 K and 30% at 700 K, although the 
amount of C atoms in the specimen is only 0.8 ppm 
by weight (table SI) (/7). We examined the modes 
of the motion of almost isolated individual loops 
above T., where the motion fraction monotonous- 
ly increases with temperature. 

The behavior of an almost isolated loop is 
shown in Fig, 2 and movie S2, which show that a 
toop performs 1D motion in the direction of b. 
Figure 3A shows a temporal variation in the 1D 
displacement of the position of a loop, obtained 
by measuring the center of mass of the loop 
image by a time step of 1/30 s (Af (7). Figure 
3B shows its wavelet transform (7). For com 
parison, the temporal variation in the 1D dis- 
placement of a particle performing a random 
walk (/3, 22) with a unit step of jb] without any 
tripping sites, obtained by kinetic Monte Calo 
(MC) simulation (17), is shown in fig. S2A: its 
‘wavelet transform is shown in fig. S2B. Compar- 
ison of Fig. 3B and fig. S2B reveals that significant 
defects exist in the high-frequency region in Fig, 
3B. These defect periods are attributed 10 the 
trapping of the dislocation that compases the loop 
by dispersed static impurity atoms (23) 

The motion of a loop detrapped from a 
trapping site is slow enough wo enable its position 
to be traced continuously, even wit a time step of 


Fig. 1. Schematic view of the obser- 
vation of the 1D glide motion of a 
nanometer-sized interstitial-type pris- 
matic perfect dislocation loop by 
TEM. The red ring is a loop. The 
direction of the motion of the loop is 
parallel to its Burgers vector. 


Fig. 2. One-dimensional 
motion of an almost isolated 
¥el111] loop at $75 K. The 
observation axis is approxi 
mately along [012]. The re- 
flection adopted is g = 200. 
The diameter of the loop is 
5.9 £0.2 nm. A loop almost 
Continuously moves in a di- 
rection parallel to its Burg- 
ers vector. 
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‘AL Hence, we can examine whether the loop 
tundengoes the diffusion, and we can then measure 
the loop diffusivity by the following procedure. 
Figure 3C shows the time (1) dependence of the 
‘mean-square displacement MSD(i) of the tempo- 
ral variation in the 1D displacement x = x{(/~ 1) 

Ai] (=1, 2... m)during a single motion period 
(81,633 to 150.867 s), as shown in. Fig. 3A, 
Here, MSD is calculated by the following equa 
tion under the assumption of the realization of 
ergodicity 


MSD(J- Ar) = ([e(/+ 1) ~x(0)F) 
= yeu 4i-1)-Ai)—x{(7-1) a4]? 


(=01,.) a) 


Figure 3C shows that MSD is approximately 
proportional to ; hence, the loop clearly under 
goes Brownian motion or nom! diffusion (22). 
We estimate D by the equation 


D= lima MSD(0) /2di] (2) 


‘excluding the period during which a time cor- 
relation effect appears. Figure 3D shows the 
temporal variation in the diffusivity estimated 


specimen 
J 
F ido cylinder 


[011] [100] 
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bby the subtraction, Day, instead of the time dif- 
ferential of MSD. The drop in Dai» during the 
period from 1/30 to 4/30 s is attibuted to the after 
image of the curent imaging system (/7). By 
extrapolating Diy, to £0 5 with the exclusion of 
the effet of the aflerimage, we estimate the real 
value of D to be 50.1 + 04 nmPs. The ap- 
proprateness of this procedure for estimating D is 
assured: When this procedure is applied tothe result 
‘obtained by KMC (lig. S2A), it yields a value of D 
(495 + 0.4 nm) almost equal to that set in KMC 
(fig. $2, C and D)(17). 

‘The temperature dependence of D and its 
loop size dependence are shown in Fig, 4A. The 


temperature dependence of D satisfies Amenius’ 
Jaw (24), From the slope of the lines in Fig. 44, 
the values of the activation energy for loop dif- 
fasion, £,arcestimated tobe 1.3 eV, independent 
‘ofthe loop size, with statistical dispersions less 
than 0.08 eV. A simple extrapolation of the size 
dependence of the E values of the crowdion 
bundles [which were calculated by MD (3-7)] 
to the size range of these “conventional” loops 
yields E<0.1 eV, independent of the size. One 
Of the origins of the drastic slowdown in “con- 
ventional” loop diffusion is attributed to atmo- 
sphere dragging, as described below. The 
dependence of the pre-exponential factor, Do, 
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Fig. 3. Analysis of the 1D motion of an almost folated Y[111]) loop. (A) Temporal variation in the 10 
<splacement of the lop with clametes of 5.9 + 0.2 nm at 575 K. (B) Wavelet transform ofthe temporal variation 
‘of the 10 displacement shown in (A). Color scale f shown in dimension less units. (©) Relationship with time of 
the MSD of an extracted 1D displacement variation comtesponding to the motion period from 81.633 to 150.867 s 
in (0, (D) Dependence of the diffusivity, D, obtained by the temporal subtraction of the MSD shown in (Q. 
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Fig. 4. Diffusivity of almost isolated ¥4(112) loops. (A) Arrhenius plot of the diffusivity. Matching 
symbols correspond to the same loop with a diameter d. The diffusivities of carbon and nitrogen in 
the matrix (19) are also drawn. (B) Relationship between the pre-exponential factor of the 
diffusivity and the number of selfinterstitial atoms that compose each loop. The additional 
inserted line is a result for crowdion bundles obtained by MD calculations (5). 
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‘on the number of selfinterstitial atoms that 
compose a loop, N, obtained for = 1.3 eV, is 
shown in Fig. 4B, where Dp monotonously de- 
creases with increasing N. If we assume that a 
power law on the N-dependence of Dy is es 
tablished, we obtain 


Dg = (23 £03) x 10m +00) 


(nm*/s) (3) 
‘The loop size independence of E implies that 
the loop moves not by overcoming the Peierls 
potential (/) hill at once and as a whole, but by 
forming and moving double kinks (/, 2). The 
presence of double kinks in a loop has been 
mentioned in MD studies (3, 5) and a theoretical 
study (10). These studies relate the origin of E to 
the kink-pair nucleation process. However, in 
general, the rate-controlling process of disloca- 
tion glide under low stress is not double-kink 
‘nucleation but the sidewise motion of the double 
kinks present at thermal equilibrium (/, 25), 

In response to low shear stress symmetric 
with respect to the central axis of the loop, the 
dislocation velocity 14s is expressed as a function 
of the kink velocity m (/) (fig. S4A) 

w= Tat = aon 
Where a is the period for the Peierls potential, and 
¢, is the equilibrium concentration of all (positive 
and negative) single kinks and is.a function of E, 


the formation energy of a kink. In the case of the 
sinusoidal-type Peierls potential, ¢, at the high- 


(4) 


temperature limit becomes 
y= 2 PE eg 
ia Vor ( ral im 


Where 1, is kink width, & is the Boltzmann 
constant, and 7 is absolute temperature (2). 
Equation 4 indicates that a dislocation moves 
by adistance of a due to the movement of each 
Kink, with average spacing of 1/a, between 
kinks. Thermal kinks are formed as double 
kinks. Backward double kinks, which bow out 
in the direction opposite from the direction of 
motion of the dislocation, casily undergo 
mutual annihilation by the stress; hence, they 
cannot effectively contribute to the dislocation 
glide. In contrast, under zero stress, both back- 
ward double kinks and forward double kinks 
‘are present in the same number on average (fig. 
4B). In this case, the drift velocity of the dis- 
location is obviously zero; however, the dif- 
fusivity is determined by the stochastic thermal 
fluctuation in the difference between the num- 
bers of forward double kinks, , and backward 
double kinks, m, 


((m¢—m)?) = (2a?) 


1 Nal 3 
. x, Na say Om Naa) 


=Na (6) 
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where Ng isthe total number of double kinks. 
By an extension of Eq, 4, Dis approximated as 


ove(Pac)a 


= ann SoD (7) 
where L is the loop-line length and Dy is the 
kink diffusivity. Even when Ng < 1, the 
identical result is obtained (/7). The power of 
N reduces for extremely small N because the 
attractive force is applied on two adjacent kinks 
of opposite signs (2), accelerating the motion of 
‘both kinks so that they coalesce. This satisfies the 
dependence of Dy on N, as obtained in the 
present study, The temperature dependence of D 
is expressed by the term oD, in Eq. 7. Dy is 
controlled by the dragged impurity atmosphere 
surrounding the dislocation. The dragging stress 
applied onto a dislocation by the atmosphere is 
‘generally proportional to the velocity of the 
dislocation, when the atmosphere can promptly 
follow the dislocation motion (/, 26, 27). If we 
set the proportionality factor to be B (27), Dy ean 
bbe approximated with the use of Einstein's 
relation (22) 


p= AT, - abel? 


abB % 


‘where b is the absolute valie of b, cis the con- 
‘stant, cy is the concentration of dragged impuri- 
ties in the matrix, and D, [ = Dew exp(-E/AT), 
Where £, is the activation energy for the migra- 
tion of dragged impurities} is the diffusivity of 
the impurity atoms that compose the atmosphere 
(24), Har, other effects influencing Dy-—such as 
phonon dragging, electron dragging, and Peierls 
‘potential of the second kind (/, 28) —are neglected. 
From Eqs. 5, 7, and 8, the apparent activation 
‘energy for the diffusion of a loop is expressed as 


_dinD 
TOT) 


(8) 


Ex + Ee bar 0) 


In contrast, if the atmosphere dragging does 
‘not occur and the phonion dragging due t the 
phonon wind (28) is dominant, Dy for this 
“naked” loop becomes constant above the Debye 
temperature, This yields E = By ~ YT. In 
general, the addition of solutes into pure Fe 
changes the shear modulus only slightly (29); 
therefore, their atmosphere will not effectively 
influence the &, value. Thus, E increases by E.~ 
2KT when the loop drags the atmosphere. The 
‘most probable elements composing the dragged 
atmosphere of all the impurity elements are C oF 
'N, We do not know the precise values of E. for C 
‘oF N around the dislocation. However, if we 
adopt E, values for C ot N (E. = 0.83 eV for C, 
= 0.80 eV for N) (/9), both the £, value and 
the E value for “naked” loops become ~0.4 eV. 

Using in situ TEM, we have shown that 
‘nanometer-sized dislocation loops can undergo 


www.sciencemag.org SCIENCE VOL318 9 NOVEMBER 2007 


1D diffusion even in the absence of stresses that 
are effective in driving loops. These findings are 
relevant for the prediction of the lifetime of 
ridiation-esistant materials for nuclear fission 
and energy systems in which the microstructures 
are controlled by the motion of loops formed 
‘upon high-energy particle inadiation, In addition, 
this study opens up a pathway for futher experi- 
‘mental investigation of the unresolved dynamics 
‘of extremely small selFintersital atom complexes. 
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One-Dimensional Fast Migration of 
Vacancy Clusters in Metals 


Yoshitaka Matsukawa™**t and Steven J. Zinkle* 


‘The migration of point defects, for example, crystal lattice vacancies and self-intestitial atoms (SIAS), 
‘typically occurs through three-dimensional random walk in crystalline solids. However, when vacancies 
‘and SIAS agglomerate to form planar clusters, the migration mode may change. We observed 
nnanometer-sized clusters of vacancies exhibiting one-dimensional (10) fast migration. The 1D 
migration transported a vacancy cluster containing several hundred vacancies with a mobility higher 
than that of a single vacancy random walk and a mobility comparable to a single SIA random walk. 
Moreover, we found that the 1D migration may be a key physical mechanism for self-organization of 
nnanometer-sized sessile vacancy duster (stacking fault tetrahedron) arrays. Harnessing this 1D 
migration mode may enable new control of defect microstructures such as effective defect removal and 
introduction of ordered nanostructures in materials, including semiconductors, 


the one-dimensional (1) fast migration of 
‘nanometer-sized defect clusters is current- 
ly of particular interest in nuclear materials 
research (/). Recent molecular dynamics (MD) 
simulations have indicated that nanometer-sized, 
sessile clusters of vacancies and glissile clusters 
‘of seifinterstiial atoms (SIAs) are produced 
together in collision cascades during energetic 


jon and neutron irradiation (2), In face-centered 
cubic (foc) metals, sessile vacancy clusters often 
form stacking fault tetrahedra (SFT) having 3D 
‘pyramidal stricture. The configuration ofthe glis- 
sile SIA clusters is a 2D platelet, 12<110>{110} 
prismatic perfect dislocation loop. Sulficiently 
small SIA clusters ean exhibit ID fast migration 
(3-8), which transports the entire cluster contain= 
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ing several tens of SIAS with a mobility compars- 
ble to that of a single SIA (4). This anisotropic 
‘migration of SIA clusters is curently considered 
to have a noticeable impact on the evolution of a 
‘material's neutron-imadiation damage micro- 
structure, which determines the materal’s lifetime 
in nuclear reactor environments (/, 9). 

Although SIA clusters form a dislocation 
loop, the 1D migration may involve a coopera 
tive atomic diffusion mechanism not described 
‘by conventional dislocation theory. Because the 
line senses of dislocation segments facing each 
‘other in loop are always opposite itis impossible 
10 glide the whole loop in the same direction 
simultaneously under shear stress, as shown in fig. 
SI. In theory, itis possible to induce glide of the 
entire loop in the same direction by pushing the 
toms in the prismatic column trom one side. This 
type of motion, which is traditionally called 
prismatic punching, proposed by Seitz (/0), can 
be induced in specific situations, such as indenta- 
tion, However, the loop’s ID motion observed in 
iradiated metals is not one way but reciprocates 
‘back and fort, as reported by several researchers 
(JI-14), Therefore, prismatic punching does not 
‘appear to be a viable mechanism. A widely ac- 
cepted mechanism for the 1D migration has its 
basis in thermally activated dense fluctuation of its 
‘constituent elements, “crowdions,” in the dense 
pocked <110> atomic direction along their Burgers 
Veetor in the case of foe metals (4) as shown 
schematically in Figs, 1 and 2, Figure 2 schemat- 
ically shows the relationship between the loop 1D 
migration direction, geometry of the loop, and 
‘bundled crowdions. Because the 1D migration is 
induced by collective motion of numerous neigh- 
‘boring crowdions in the locp, this phenomenon is 


'Mateils Science and Technology Division, Oak Ridge 
ational Laboratory (ORND, Post Office Box 2008, TN 
37831-6138, USA. ‘Center for Materials Processing, 
Univesity of Tennesse, Knowle, 1N 37996-0750, USA. 
‘Present address: Department of Materials Science and 
Engineering, University of linois at Urbana-Champaign, 
Materials Science and Engineering Building 408A, 1304 
West Green Steet, Urbana IL 61801, USA. 

{To whom correspondence should be addressed, E-mail 
ym2@uiucedu 


Projection of (10) 


Fig. 1. Various atom 
configurations of SIAs 
and vacancies projected 
‘on (102): small atoms 
tepresent atoms on a 
plane '4{201] below 
the large atoms. In the 
fcc structure, single SIAS 
are preferentially cated 
at octahedral sites de- 
noted as (1/2, U2, 12) 
‘on the basis of atomic 
volume considerations; 


sutstantial only when the loop size is small: MD 
simulations have indicated that only nanometer 
sized SIA loops exhibit ID migration (4). A pre- 
viously proposed altemative account for the ID 
‘motion within the scope of dislocation theory is 
that the loop motion is induced by the thermally 
activated formation and propagation of a double 
ink on the loop, which is expressed by a (dslo- 
‘cation) line tension model (5, 15), as shown in fig, 
S2. However, in 1D motion all of the crowdions 
inside the prismatic cylinder must be transported, 
‘whereas the line tension model only describes the 
:motin of erowdions on the dislocation line. In MD 
simulations, inner crowdions are olen cbserved 10 
move before the crowdions on the loop perimeter 
(as schematically shown in fig. S2F¥. The motion of | 
‘whole loop is led by the inner crowions (16). 

‘A fundamental question is whether the 1D mi- 
eration is also possible for vacancy-type prismatic 
dislocation loops. Osetsky et al, examined the 
possibility of ID migration for vacancy loops in 
both body-centered aubic (bee) and for metals by 
using MD simulations (/7). They predicted 1D 
‘migration of small vacancy loops in bec iron but 
‘ot in fac copper. The prismatic vacancy loop in 
‘copper immediately became sessile by developing, 
stacking faults from the loop ages within a 
picosecond, They attbuted the absence of 1D 
migration in fee copper to its low stacking fault 
energy. To date, there have been no observations of 
1D migration of vacancy clusters, whereas several 
experimental studies have reported 1D migration 
Of SIA clusters (//-14), Thus, based on the MD 
reals, the existing consensus is that the 1D mi- 
gration of vacancy clusters is not possible, espe- 
cially in foc metals (7). 

In the present study, vacancy loops were in- 
troduced into 99.9975% pure fee gold through 
plastic deformation or quenching and then ex- 
amined in a nominally stress-free condition. The 
stacking fault energy of gold G2 mi/m?) is even 
lower than that for copper (45 mi/m*), which 
‘would promote conversion of dislocation loops to 
SFTs even more strongly in gold than in copper 
(18). Therefore, 1D migration of vacancy clusters 
is not expectad in gold. A very high density of 
‘vacancy clusters is produced by plastic deforma- 


however, its energetically more favorable to be arranged in a <001> dumbbell structure. The crowdion 
distributes the localized displacement of the SIA along the <110> close-packed atom direction. Subtracting 
an atom, ie,, introduction of a vacancy, may create a delocalized dilute atom configuration complementary 
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tion in ductile metal thin foils having a specific 
geometry (/9), Although the majority of vacancy 
‘clusters produced by plastic defeemation at room 
‘temperature in gold are SFT (/9),a few vacancy: 
type dislocation loops are also produced. Those 
dislocation loops exhibited 1D oscillating motion, 
inconsistent with the reported MD_ simulation 
‘results. Figure 3 and movie S1 show an example 
‘of the observed behavior at room temperature. A 
small dislocation laop (diameter about 2 nm, ~174 
‘yacancies) glided intermittently back and forth 
bbetwean two SFIS at an oblique angle along the 
projection of the <I10> direction (oscillating 
distance of 1 1 2:nm). The loop position changed 
frame by frame (frame rate of 30 frames/s) for 
about 4 min and then suddenly transformed to an 
SFT within a fow video frames (<0.1 5), Because 
'SFTs are vacaney-type defects in fee structures 
(20), Fig. 3 provides evidence that nanometer 
sized vacancy loops can exhibit 1D migration. 
‘The vacancy loop transformed into an SFT at an 
intermediate position between two procxisti 
SFT, presumably because the stress field on the 
Joop fiom the two SFTS is balanced at the inter- 
mediate position, As a result, a well-aligned SFT 
aamay consisting of throe SFTS was obtained, 
‘There are many reports showing ordered ar 
rays of nanometer-sized SFTS created through 
hhigh-cnengy particle imadiation such as neutron 
imadiation and jon bombardment (2/-23), Be- 
‘cause SFTs are sessile, ithas been believed that the 
self-organized microstructure is created by glissile 
SIA clusters exhibiting 1D migration; vacancy 
‘clusters that are geometrically aligned along claso- 
packed <I10> directions in foc erystals would be 
‘preferentially shielded from annihilation by the 1D 
migrating SIA clusters, However, the present 
dynamic observation (Fig, 3) suggests that spatial 
selForganization of sessile SFTs can be achieved 
through the 1D migration (and conversion to 
SFIS) ofglissile vacancy loops, without the neces 
sity of 1D migration of SIA clusters. Fig. $3 
shows previously proposed models of loop-SFT 
‘conversion (24), and fig. $4 shows the erysallog- 
raphy of various potential loop geometries, 
Figure 4 and movies S2.and $3 show the 1D 
migration of a vacancy loop introduced into gold 


Fig. 2. Schematic sketch of the 10 migration of 
the SiA-type 1/2-<110>{110} dislocation loop and 
to the <110> crowdion (<110> voidion). Note that this configuration never occurs for single vacancies. its atomic structure. 
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bby quenching that introduces only vacancies. The 
{transmission electron microscopy (TEM) obser- 
‘ation was carried out at 113 K. The vacancy 
loop (diameter about 3.5 nm; ~$34 vacancies) 
exhibited oscillating 1D migration for about 6 
‘min, whereas single vacancies were immobile 
below ~300 K in gold (25), The loop wiggled 
intermittently, back and forth, along a straight 
dislocation with a wide variety of migration dis- 
tances for each oscillation. The maximum ob- 
served migration distance per oscillation (within 
{wo video frames, ie, 66 ms) was 15 nm, which 
corresponds to 52 times the (110) interplanar 
distance in gold. In general, the number of atom- 
istic jumps per second in a thermally activated pro- 
cess is expressed as v= nexp(S/Abex-EwAD), 
‘where vy is the latice vibration frequency, kis the 
Boltzmann constant, S is entropy, and T is 
absolute temperature. We assume exp(SiA) = 
1 for the sake of simplicity. The migration 
‘energies of single vacancies and single SIAS in 
gold are Ey = OS eV and Ey = 0.19 eV, 
respectively (26). With yy 10's, vat 113 K 
is 1.3 10 5" for single vacancies and 3.4 » 


10° 5 for single SIAs. The maximum observed 
migration distance of the vacancy loop (15 nm) 
‘corresponds to v ~ 789 s"', which gives E, of 
0.22 to about 0.23 eV as the effective migration 
energy for the vacancy loop 1D motion (27). 
This effective migration energy for the 1D glis- 
sile vacancy loop is much less than that for single 
vacancies. This suggests that the mobility of 
nanometer-sized dislocation loops via 1D migra- 
tion is independent of the mobility of the constit- 
‘vent point defects, that is, vacancies in this case. 

‘The diffraction contrast images of the vacan- 
«ey loops observed in the present study are quite 
tunusual as a dislocation loop image. Seen from 
the <110> direction, the loop is in an edge-on 
view, Le, visible asa line segment (28) However, 
the loop image in Fig. 4 is oval in shape, elongated 
inthe 1D glide direction. The loop image in Fig. 3 
{salso oval in shape. This may be an artifact duc 0 
the high velocity of 1D motion. MD simulations 
(obtained for SIA loops) have indicated that the 
{oop's oscillation is essentially a sub-picasecond: 
time scale event (4), Such high-speed motion 
‘cannot be captured by the present video-reconding 
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Sk Observation: CO (7 fi70) 


Fig. 3. Sequence of snapshots showing the 10 oscillating motion of a vacancy loop and eventual 
transformation to an SFT (after 240 s) in deformed gold at room temperature. 


0S. 93.70 s 


@: 


93.775 


+e 


. 
, 


CB (// {701} of DB (//[011]) 


I 


\ 
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Fig. 4. Sequence of snapshots showing the 1D oscillating migration of a vacancy loop in quenched gold 
at 113 K. The spatial dimension shown in the frame of 93.77 s isthe jump distance ftom the previous 
‘observed loop position at 93.70 s. Two types of crystallographically equivalent SFTs (marked by x and y) 
are involved in the igure. 
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system, whose time resolution is 33 ms, Instead, 
«8 composite image of the loop’s motion during 
33 ms is recorded on a single video fame. Note 
that the loop image remained the same even after 
the motion became undetectable in Fig. 4, This 
may be an indication that the loop was still 
moving one-limensionally with a very short 
‘oscillating distance and high frequency, even after 
the large mation detectable by the present dynamic 
‘TEM observation disappeared, 

The size of the vacancy loops observed in the 
present TEM study (2 to 3.5 nm) is much larger 
than the loop examined in the 1999 MD simu 
lation (up to 50 vacancies; <I nm). On the basis of 
the results on SIA loops obtained through MD 
simulations, larger loops ae less mobile than 
small loops: The eritical size above which the 
‘predicted mobility is practically zero is ~100 SIAS 
(1.3 nm) in copper and ~300 SIAs (~2.4 nm) 
in iron (4). However, in TEM experiments, much 
larger SIA loops exhibit 1D migration above 
450 K: The critical size in iron may be as large as 
20 to ~30 nm (11), The present experimental 
results were obtained in a TEM operated at 
200 keV, which is well below the critical voltage 
introduce Frenkel pairs (vacancy and an SLA) 
into gold. The erticl electron energy for Frenkel 
‘air creation is ~2 MeV because of the large mass 
‘of gold atoms. The temperature increase by the 
200-keV electron imadiation is negligible because 
the specimen was thin (<30 nm) and the electron 
‘beam diameter was less than 2m, which gives, 
Jess than a few tens of Kelvin local temperature 
increase for the electron beam fluxes used in the 
present study (29). 

Although vacancy loops cannot have 
cerowdions, we speculate that they may develop 
‘an analogous (dilute) atom configuration similar 
to crowdions (we tentatively call this dilute- 
packed <1 10> atomic row “oidions”), as shown 
in Fig. 1. Such a configuration does not occur 
for single vacancies; however, in the form of a 
1/2<110>{110} prismatic loop, numerous vacan- 
cies are neighboring on a {110} plane, potentially 
favoring this cooperative voidion configuration, 

‘An wnresolved question is whether the 1D 
migration of SIA and vacancy clusters can be 
effectively hamessed to enable directed assembly 
of technologically useful nanoscale architectures. 
The formation of a linear array of SFT in Fig. 3 
implies that it may be possible to ercate unique 
‘nanoscale ordered defect microstructures by par- 
ticle iadiation. The very high mobility ofthe 1 
slide vacancy clusters may also provide a hint 
‘regarding efficient defect removal from not only 
metals but also semiconductor materials, whose 
defect clustering behavior is essentially the same 
as foc metals because of their similar crystal 
structures, as well as introduction of nanoscale 
‘ordered structures 
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Widespread Morning Drizzle on Titan 


‘Maté Adimkovics,»2* Michael H. Wong," Conor Laver,* Imke de Pater?? 


Precipitation is expected in Titan's atmosphere, yet it has not been directly observed, and the 
‘geographical regions where rain occurs are unknown. Here we present near-infrared spectra from 
the Very Large Telescope and W. M. Keck Observatories that reveal an enhancement of opacity 
in Titan's troposphere on the morning side of the leading hemisphere. Retrieved extinction 
profiles are consistent with condensed methane in clouds at an altitude near 30 kilometers and 
concomitant methane drizzle below. The moisture encompasses the equatorial region over Titan's 
brightest continent, Xanadu. Diurnal temperature gradients that cause variations in methane 
telative humidity, winds, and topography may each be a contributing factor to the condensation 
mechanism, The clouds and precipitation are optically thin at 2.0 micrometers, and models of 
“subvisible” clouds suggest that the droplets are 0.1 millimeter or larger. 


200 of clouds is scattered across Saturn's 
largest moon, Titan, including convec- 
ive clouds near the south pole (1, 2), 
‘geographically controlled clouds at 40°S latitude 
(3), and large cloud of ethane near the north 
pole (4). These and other types of clouds have 
‘been predicted with the use of combinations of 
chemical, microphysical, and general circulation 
‘models (5, 6). Analysis of the methane relative 
‘humidity profile at the Huygens probe entry site 
suggests that there is a solid-methane cloud 
from 20 to 30 km altitude and a light drizzle of 
‘methane that wets the surface (7), However, the 
fluvial channels seen atthe landing site (8) ae due 
to heavier rainfall (9), which may occur during 
intense storms that are predicted by dynamical 
‘models (70). Conditions in the lower troposphere 
are best constrained where the Huygens probe 
landed, yet a single weather station cannot char- 


"Department of AStnomy, University of California, Berkeley, 
(CA. 94611, USA. ‘Center for Integrative Panetary Science, 
University of California, Berkeley, CA4631, USA. 

“To wom correspondence should be addressed. mail: 
mate@berteleyedu 


9 NOVEMBER 2007 


‘acterize Titan's meteorology on  planetwide scale. 
{If widespread, methane condensation could be the 
dominant pathway for retumiing methane to the 
surface and closing the methane eyele. 
Because the near-infrared aerosol opacity + in 
Titan's atmosphere is low (x = 0.2 at 2 jm), light 
can penetrate to the surface at wavelengths 
where methane absorption is negligible (11). 
Radiative wansfer(RT) models of Titan's spectra 
have been used to probe the heights of cloud 
tops and the aerosol vertical structure (, 2,12, 13). 
One of the main challenges in accurately re- 
trieving altitudes with these models is that the 
‘contribution function for a particular wavelength 
is dependent on the vertical distribution of sero- 
sol. Variations in surface reflectivity can also 
be masked by near-surface atmospheric opacity. 
‘One way to break these degeneracies isto simul- 
tancously analyze spectra taken along different 
paths through the atmosphere. Spatially resolved 
spectra from a new class of instruments, such as 
the OH-Suppressing InfraRed Imaging Spectro- 
graph (OSIRIS) (/4) at the W. M. Keck Ob- 
servatory othe Spectrograph for INtegral Field 
Observations in the Near Infrared (SINFOND) 
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(US) at the Very Large Telescope (VL), are an 
‘deal source of data for such an analysis, These 
instruments may be used 10 create a global pic~ 
ture of Titan's lower atmosphere and surface. 

During our campaign to monitor the seasonal 
changes in the global distribution of Titan's 
acrosol, we observed Titan on 28 February 2005 
universal time (UT) with SINFONI (/3) and on 
17 April 2006 UT with OSIRIS, Together the 
‘wo instruments provide independent measure- 
‘ments of Titan at different epochs and viewing 
geometries. Systematic errors that arise from 
mosaicking and correcting for Earth's atmo- 
sphere (fig. $1) are specific to each instrument, 
‘and comparison facilitates the rejection of obser 
‘ational antifcts. Here we deseribe a method for 
‘making measurements of condensed-phase opac- 
ity from specific altitude regions in Titan's atmo 
sphere using namow (10- to 1S-nm) spectral 
bandpass difference imaging. We used RT models 
to quantify the altitude and magnitude of the 
‘opacity enhancements, and we report the detec- 
tion of widespread methane drizzle: precipitation 
from stratform clouds of solid methane, 

In onder to discem the light scattered by 
clouds, drizzle, and haze in the lower tropo- 
sphere, the contribution from the surface albedo 
Variation (Fig. 1A) was removed from the images 
that probed the bottom of the atmosphere (Fig. 
1B), We empirically quantified the relative sur- 
face fux fin images taken at wavelengths with 
significant and with negligible methane gas 
‘opacity by minimizing the correlation coefficient 
between the surface-subtracted image of the 
‘atmosphere and the image of the surface (fig. 
$2). The mean surface flux in images probing the 
lower troposphere is ~72% of the us in images 
of the surface, which is confirmed by our RT 
models. Afier sublracting the surface contribu- 
tion from images that probe the lower topo 
sphere, we can identify equatorial opacity changes 
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Fig. 1. Difference imag- 
ing of the condensed- 
phase scattering at spectic 
altitudes in the atmo- 
sphere, The lower tropo- 
sphere (below 20 km) 
‘an be probed by sub- 
tracting images at wave- 


ney 4A) from those 
that probe both the sur- 
face and the lower tropo- 
sphere (B). The difference 
images (O reveal a dark 
feature in the morning 
equatorial regions, with 
sub-observer longitudes 
of 89°W and 42°W for 
the VT and Keck, re- 
spectively, Artifacts such 
as the narrow linear 
feature in the VLT data 
are not observed with 
both instruments. The 
regions with lower AIF 
in the diference images 
(© have increased at- 
aspheric opacity. The 


lower stratosphere can be similarly probed by subtracting images of the  dicates more scattering. Difference images of the troposphere and strato- 
upper stratosphere (0) from images of the lower stratosphere (E) to sphere have a (10) pixel-to-pixel noise of AVF = 0,003 and 0.0005, 
highlight the contrast from the SPH (F); in this case, larger AVF in- respectively. 


fon the moming (left) side of the disk in both 
observations (Fig, 1C). The dark regions cover 
slightly different portions of the disk because of 
different viewing angles during the two observa- 
tions, yet comespond to the same latitudes on 
Titan, so the observation of the dark feature in 
sats isa confimmation of the localized 
opacity 
The nature of the increased opacity is deer- 
mined by ereating a mode of the observed dats- 
to 2.25.41 spectrum, comrespending 
I pixel, was calculated using 
solution to the RT equation 
(16, 17), We accounted forthe spatial variation in 
surface albedo by using a Visual and Infrared Map- 
ping Spectrometer (VIMS) map of the 2.018-im 
albedo (78) as input forthe surface reflectivity. The 
spectrum is gray with four Gaussian 
absorption features (79). The aerosol (haze) extine- 
tion atthe tropopause is 0.0025 km at southem 
latitudes above 4S°S and inreasestowant the north 
by a fictor of 0.0065 per degree of late (/3). 
Aerosol extinction decreases with altitude above the 
tropopause, with a scale height of 100 km. The 
south polar hood (SPH) is included asa doubling of 
eextintion from 50 to 70 km altitude and is located 
poleward of 45°S. Uniform aerosol extinction 
(0.001 km), consistent with results from the Huy- 
‘gens probe, Was used throughout the eoposphere 
Based on the temperature at particular altitude, 
ccondensed-phase mathane opacity was included as 
«layer of liquid or solid methane, The optical depth 
‘of condensed methane isthe prot of the abserp- 
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Fig. 2. Contrast in the difference images 
ig. 1, C and F) is due to localized 
changes in extinction. In order to under- 
stand that the dark region in Fig. 1C is 
due to a relative increase in opacity, we 
calculated the expected contrast in the 
lower troposphere (solid line) and lower 
stratosphere (dotted line) 


Contrast (UF) 


0.005 


tion coefficient (20) and path length (ie, column 
volume). A normalized point spread funetion from 
calibration star was used to convolve the model 
for comparison with the observations. Images 
fiom the model datacube show excellent agree- 
‘ment with the observed data (fig. SI). 

With a model of Titan's atmosphere and 
surface, various hypotheses for the source of the 
observed dark conirast ature (Fig. 1C) may be 
tested. We calculated a characteristic spectrum and 
determined the mean flux in the wavelength re- 
sions comesponding to images in Fig. 1 woobtaina 
‘nominal subtracted image flux (AUF) for both the 
lower troposphere and the lower stratosphere, The 
contrast was then defined as the difference 


0.000) 


418 Troposshore 
AUF Stompers 
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tween A//Fy and the A//F from a new spectrum in 
which a model parameter was changed. In Fig, 2, 
We plot the contrast expected in images of the 
lower troposphere and lower stratosphere when 
the column of condensed-phase mahane is varied, 
Changes in aerosol haze density have been sys- 
‘ematical ruled out by inadequately reproducing 
the observed contrast. If the observed opacity 
enhancement were atrbuted to small tropospheric 
haze particles (<0.001 mm), than the steep wave- 
length dependence of the extinction efficiency 
would extrapolate to unit optical depth at 0.938 
Jum (fig. $3), yet there have not been reports of 
aerosol enhancements over Xanadu or near the 
‘moming hemisphere. On the other hand, a mist 
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Fig. 3. A disk-encompassing cloud of condensed-phase methane is revealed 
by goodness-of-fit (Ax") contours for several altitudes and column volumes 
‘of methane (A), Vertical profiles of 2m aerosol extinction at two locations 
‘on the disk along with altitudes of condensed methane clouds show the 
altitudes of large-scale atmospheric features (B). Difference images extracted 
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Fig. 4. Opacity caused by a cloud of solid methane provides a significantly improved fit of spectra at 
all locations on the disk. A representative Keck/OSIRIS spectrum from the center of the disk (black) is 
‘compared against model spectra with (blue) and without (red) a cloud of solid methane in the 25- to 
30-km layer of the model. Shaded vertical regions indicate spectral bandpasses used for difference 


imaging in Fig. 1 and fig. 55. 


or drizzle of methane droplets (0.01 mm) that is 
‘optically hin at 2.0 im would be optically thin at 
Visible wavelengths as well and could more 
easily clude detection, 

The altitude and total column of condensed 
methane were fit to observations by minimizing 
the root mean square deviation between a model 
datacube and observations. The cloud of methane 
‘was indeed found to be globally widespread, with 
‘a.column volume of 1,65 cm’ cm *in the altitude 
range of 25 to 35 km (Fig. 3A). Temperatures at 
these aliudes indicate that methane must be a 
solid (7), The moming enhancement of opacity is 
consistent with an additional column volume of 
(025 cm em’? below 20 km, where methane is a 
liquid (Fig. 3B), The difference images are a 
sensitive test of the vertical profile of the topo- 
spheric extinction, and the calculated datacubes 
‘with condensed methane opacity reproduce the 
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observations (Fig. 3C). Artifacts oF variations in 
surface absorption were are excluded by perform 
ing analogous (fig. S4) difference imaging at 1.5 
Jum. The difference images in the H band (fig. 
$5) can be used to independently reach all the 
qualitative conclusions arising from the K-band 
analysis (fig. $6). The improvement in spectral fit 
seross both bands, when condensed methane is 
included, is illustrated in Fig. 4. 

Depending on size and composition, drizzle 
\will either reach the surface or form a near- 
surface mist. Although no direct detection of 
drizzle has been reported by Huygens (8), the 
‘uniform methane mixing ratio below 6 km (2/) is 
‘consistent with the evaporation of methane from 
droplets (22). We detected both the solid methane 
cloud at 25 to 35 km and moming drizzle below. 
It had been suggested that precipitation from 
subvisible clouds would reach the surface and 
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from the RT model of the observed OSIRIS datacube quantitatively reproduce 
the contrast caused by the enhancement in lower tropospheric opacity and 
the south polar hood (SPH) (C). Extinction profiles from the center of the 
disk (black crosses) and from the SPH (blue triangles) show the characteristic 
rences in the aerosol densities at south and equatorial latitudes. 


close the methane cycle and that the drizzle could 
be occurring over nearly 60% of the globe (7). By 
measuring the global extent of methane cloud, 
we see here that the methane drizle is indeed 
precipitation related to stratform clouels and does 
‘cover a substantial fraction of Titan, 

Drizzle is observed in the moming_ hemi- 
sphere, and we first consider a diumal mecha- 
nism that facilitates condensation, Because the 
methane is saturated around 1S km (7) in the 
‘moming [Huygens landed at local true solar time 
(LIST) of 947 am), a small overnight drop in 
temperature at this altitude could initiate droplet 
formation that would then lead to drizzle in the 
lower troposphere, During our observations, it 
seems it was drizzling on Titan until approxi- 
mately 10:40 am, LTST (roughly 3 Earth days 
after sunrise), which is consistent with the 
Huygens results 

Geographic factors may affect circulation 
‘and control localized condensation, One poss 
bility is that the observed drizzle is due to the 
cooling of air caused by advection, Large-scale 
winds may push a moist airmass upslope, thus 
cooling it and driving condensation. Observa- 
tions of sand dunes have shown that prevailing, 
easterlies blow toward the bright continent of 
Xanadu (23). If the bright region is indeed a 
topographical high, then a “coastal” drizzle may 
form and cover the landmass. The relationship 
between the drizzle and the bright reflectivity of 
Xanadu is unclear (24), and itis possible that 
the drizale contributes to rinsing the bright 
surface of the dark deposited aerosol. Perhaps 
the combination of nighitime cooling and local 
microclimates together make for consistently 
misty momings in Xanadu. 
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Facultative Mate Choice Drives 
Adaptive Hybridization 


Karin 5, Pfennig 
mi 


ing with another species (hybridization) is often maladaptive. Consequently, females typically 


avoid heterospecifics as mates. Contrary to these expectations, female spadefoot toads were more 
Likely to choose heterospecific males when exposed to environmental conditions that favor 
hybridization. Indeed, those females with phenotypic characteristics for which hybridization is most 
favorable were most likely to switch from choosing conspecifics to heterospecifics. Moreover, 
environmentally dependent mate choice has evolved only in populations and species that risk 
‘engaging in, and can potentially benefit from, hybridization. Thus, when the benefits of mate 
cchoice vary, females may radically alter their mate selection in response to their own phenotype 
and their environment, even to the point of choosing males of other species. 


between species typically results 
M no, few, oF poorsqualty offspring (/), 
‘onsequertly, females generally prefer 

to mate with males of their own species (/-3). 
When hybridization does occur, itis often aseribed 
to mistakes during, or constraints on, female mate 
choice (4-7). Yet, hybridization can sometimes be 
beneficial (8), and females might facultatively 
adjust their choice of conspecific versus hetero 
specific mates depending on the fitness conse 
‘quences of hybridization (9-12), Such facultative 
switches in female mate choice may thereby me- 
diate adaptive hybridization and could explain pat- 
tems of hybridization observed in many species (8). 
Spadefoot toads, Spea bombifions and Spea 
‘multiplicata, risk hybridizing where they co- 
‘occur in the southwestem United States across 
~20% of S. bombifrons” range (13, 14). Hybrid 
offspring are viable and can reproduce, albeit 
‘with reduced fertility: Hybrid males ean be sterile 
(/5) [although the trequency of sterility among 
hhybrid males is unknown (/6)}, and female 
hhybrids produce fewer eggs than pure-species 
females (/5), Hybridization between these spe- 
cies has historically been spatially variable, with 
hybrid frequency ranging from 0 to 40% across 
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populations (/4), Hybvidization is most common 
in small ponds that tend to be shallow and highly 
ephemeral, with S$ bombifrons females hybridiz- 
ing more often than S. muplicata females (14). 

“These observed pattems of hybridization may 
be explained ifS. hombifrons females can benetit 
from hybridization. Spadefoots breed in ephem- 
eral pools (Fig. 1, A and B), and their tadpoles 
often fail to metamorphose before ponds dry 
(17). S.mutiplicata develop more rapidly than S. 
bombifrons, and hybrid tadpoles metamorphose 
sooner than pure 5. bombifrons tadpoles (14). 
Thus, for S. bombifrons females, hybridization 
may enhance offspring survival. 

‘As further evidence that hybridization may be 
beneficial for S: bombifrons females, hybrid 
offspring of S. hombiffons females (“BM™ tad- 
poles) developed significantly faster than did pure 
S. bombifrons tadpoles (“BB tadpoles) when 
reared in the lab for 16 days (18) {mean differ. 
ence in Gosner developmental stage, BB ~ BM = 

0.75 + 0.28 (SEM), to; = -2.67, P = 0.00). 
Additionally, for tadpoles reared in naturally 
drying artificial pools in the field (/4, 18), the 
likelihood that all tadpoles metamorphosed in a 
higher for BM_ tadpoles 
815, P 


(003) Sina, he proportion of tadpoles in a rep 
Ticate that metamorphosed (/8) was higher for BM 


tadpoles (F) 33 ~ 11.76, P= 0,001) and increased 
with matemal condition (F; 55 = 3.98, P= 0,05). 

Hybridization by S. bombifions females thero- 
fore results in a trade-off: Hybrid offspring may 
Ihave lower fertility and fecundity, but they can 
develop faster than pure S. bombifions offspring 
‘and may therefore be more likely to escape a 
drying pool, Consequently, the fitness effects of 
hybridization depend on the habitat in which off 
spring develop. Because pond duration depends 
largely on initial pond size and depth (deeper 
‘ponds generally outlast shallow ones (/7)} in deep 
(long-lasting) ponds, pure S homlyfions offpring 
‘can metamorphose before the ponds dry (/4). 
“Thus, in such ponds, S. bombifions females would 
‘have higher fitess by mating with conspecifics. 
In contrast, in shallow (rapidly drying) ponds, 
hybridization may be beneficial for S. hombifions 
females because hybrids are more likely than 
pure S. ombifrons offspring to escape and there- 
fore to survive. Furthermore, a given pond’s depth 
{and longevity) can vary dramatically with the 
amount of yearly rainfall (Fig. 1, A and B). Thus, 
because S. hombifions females may encounter 
year-to-year variation in pond longevity, they may 
facultatively adjust their choice for conspecific 
versus heterospecific mates, depending on the 
depth of their breeding pond. 

‘To evaluate this hypothesis, I tested two pre- 
dictions by performing controlled mate-choice 
tests in the lab (18), First, I predicted that 
S. bombifrons females would more likely choose 
‘S. muiplicata males in shallow ponds than in 
deep ponds. Second, because maternal conition 
predicts the likelihood that offspring will meta- 
‘morphose, I predicted that S; bombifrons females 
in relatively poor condition would be more apt 
than those in good condition to alter their choice 
for conspecifics depending on water level. 

S. bombifrons females were presented with 
calls of conspecific versus heterospecific (S. 
‘multiplicata) males under conditions simulating 
a deep (long-duration) pond versus a shallow 
(Short-<duration) pond (/8). When females were 
tested three times ina deep poo! (78), they showed 
‘significant preference for conspecific calls versus 
hheterospecifc alls (Wilcoxon signed rank = 245, 
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‘n=S2 females, P= 0,008) (Fig. 10). Inthese deep 
‘water trials, individual females were significantly 
‘consistent in their choice: females chose the same 
stimulus, on avenge, 87.5 + 2.5% (SEM) of the 
time (Wilcoxon signed rank ~ 345.5, n = 52, P< 
0.001; 34 out of 52 females chose the same 
stimulus in all three wials). When these same 
females were tested four times in a shallow pool 
(18), as a group, they showed no preference for 
‘conspecific cals (Wileoxon signed rank = 84, = 
52, P= 0.24) (Fig. IC). Indeed, the frequency with 
\which females chose conspecifics was higher in 
deep versus shallow water (ts) = 3.16, P = 0.003) 
(Fig. 1C). Although females as a group were not 
significantly more likely to choose one stimulus 
‘over the other in shallow water, individual females 


A 
— 


Fig. 1. (A and B) 5. bombifrons breeding ponds 
vary in depth (2 to 66 cm) and longevity (7 days 
to. several months; tor 1s positively cor- 
telated with depth) in different years, depending 
‘on the amount of rainfall. (A) and (8) show the 
same pond in different years. (C) Solid circles 
"represent the mean percent SEM (error bars) of 
times. that conspecific calls were chosen by 
sympatric S. bombifrons females in repeated tests 
‘of preference for conspecific versus heterospecfic 
calls (18). The dashed tine illustrates a random 
‘expectation of 50%. In deep water, females 
significantly chose conspecific calls more fre- 
quently than random (as indicated by the 
asterisk) and more frequently than they did i 


‘were significantly consistent in their preference: 
females chose the same stimulus, on average, 
76.4 + 2.8% (SEM) ofthe time (Wilcoxon signed 
rank ~ 390, n ~ $2, P< 0,001; 19 out of $2 
{females chose the same stimulus in all four trial, 
and 30 out of 52 females chose the same stimulus 
fn at least three of the four tials), Thus, S 
bombifrons females, asa group, were more likely 
to choose S multiplicata males in shallow ponds 
than in deep ponds, as predicted. 

Also as predicted, whether an individual fe- 
‘male switched from choosing conspecifics in deep 
‘water to heteospecifics in shallow water depended 
‘on the ferale’s condition. Females in relatively 
poor condition were most likely to make such a 
switch (Fig. 2A). Poor-condition females may be 


° 
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Percent of times 
conspecific calls chosen 
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‘mare prone to switch because, as noted above, they 
‘can potentially benefit more by hybridizing, In- 
deed, when bred with conspecific males. (/8), 
females with a higher propensity to switch their 
choice fram conspecifics in deep water to hetero- 
specifics in shallow water produced tadpoles that 
developed more slowly than those produced by 
females with a lower propensity to switch (Fig. 
2B), Thus, females’ responses to changes in the 
water level depended on their condition and the 
developmental rate of their offspring in pure- 
species pairings, suggesting that female mate 
choice results ftom an interplay of a female's 
‘own phenotype and the specific ecological circum. 
stances in which her offspring develop. 

The tendency to switch pattems of mate choice 
in response to Water level appears to have evolved 
‘only in populations and species that risk engaging 
in, and can potentially benefit from, hybridization, 
In three mate-choice trials [two in deep water and 
‘one in shallow water (18)], allopatric females 
(females ffom populations where S mulplicata 
does not occur) did not discriminate between con- 
specific and heteraspecific cals (fist deep water 
trial: 9 chose conspecific calls, 16 chose hetero 
specific calls, x1" = 1,99, P= 0.16; second deep 
water tral: 17 chose conspecific calls, 12 chose 
heterospecific calls, x,” = 0.87, P= 0.35; shallow 
water tial: 14 chose conspecific cals, 12 chose 
heterospecific calls, x3?» 0.15, P= 0.69), These 
Responses were not significantly different among 
the three tials (x, = 3.01, P» 0.22), Thus, 
‘contrary to sympatric S. ombifrons females, 
allopatric S hombiffons females did not vary 
their choice depending on water level. 

Moreover, switches in pattems of mate choice 
‘are not generalized responses of sympatric Spea 
females to shallow water; Sympatric S multi 
plicata from the same populations as the sym 
patric S. bombifions used in the experiments 
above significantly preferred conspecific calls, 
regardless of water level (deep water: 43 chose 


shallow water. In shallow water, females as a group showed no preference for conspecific calls. 


Fig. 2. (A) Female condition asa function of 
female propensity to switch from choosing 
conspecific calls in deep water to choosing 
heterospecific cals in shallow water (26). (B) 
Development rate of a female's offspring 
(rom pure S. bombifrons pairings) as a 
function ofthat female's propensity to switch 
{rom choosing conspecific calls in deep water 
to choosing heteraspecific calls in shallow 
water (18). Each point represents the mean of 
two tadpoles from a given replicate; there 
were 15 replicates for each of the 12 females 
(28), Data are jittered (by adding small 
random values to the original data along 
the x axis for presentation only). Each panel 
shows the resutts of a nonparametric Spear- 
‘man rank-order correlation analysis that is 
‘not sensitive to outliers (28). Least-squares 


Female in better condtion —> 


> 


conspecific calls, 22 chose heterospecific calls, 
x17 = 6.91, P= 0,009; shallow water: 47 chose 
‘conspecific calls, 29 chose heterospecific calls, 
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40 = 430, P = 0.038). Mate choice of S. 
‘multiplicata females did not differ significantly 
between water-depth treatments (;7 = 0.28, P= 
0,60). Thus, because S. multiplicata females do 
not benefit by hybridizing with S. bombijrons 
‘males (/4), the fact that they chose conspecific 
‘mates regardless of water level supports the 
hypothesis that switches in mate choice should 
evolve only when hybridization is potentially 
adaptive, 

In deep-water trials, sympatric 5: bombiffons 
chose conspecific cals significantly more often 
than did allopatric females (Wilcoxon normal 
approximation: = seom= -2.15, P = 0.03, n= 
81), The fact that sympatic S. bombifions 
females discriminated against heterospecitics 
‘when. hybridization was not favorable (i.e, in 
deep Water) suggests that behaviors that mini- 
mize hybridization have evolved in. sympatry. 
Such differences between allopatry and sympatry 
are expected if selection favors mating behaviors 
‘that promote reproductive isolation between spe- 
cies (/, 2, 19-22), Thus, sympatric females have 
apparently evolved the ability to modify their 
discrimination against heterospecifics, depending 
‘on the fitness consequences of hybridization, 

‘These findings suggest that facultative switches 
in female mae-choice behavior contribute 10 
adaptive hybridization and explain localized hy- 
bridization in habitats where hybrids may have 
hhigher fimess (8, /4). In sdkition, these results 
suggest how hybrids may persist in the face of a 
general pattcm of selection against them. Gener 
ally, when hybrids are disfavored, selection should 
promote the evolution of behaviors in. sympatry 
that preclude hybridization (ic, reinforcement) 
(1,2, 19-22) As expected, S bombifons females 
in sympatry, but not allopatry, discriminate against 
hhoterospecifies when hybridization is costly. If 
however, females facultatively hybridize when 
it is beneficial, hybridization may persist 
locally in the face of a global pattem of rein- 
forcement, The presence of hybrids in systems 
that have seemingly undergone reinforcement 
is often attributed to mistakes in mate choice, 
constraints on female choice, oF forced copu- 
lation by males (4-7), However, facultative 
adaptive hybridization potentially explains the 
persistence of hybrids despite the prediction 
that reinforcement should eventually eliminate 
hybridization (19, 23-25), 

Generally, whenever fitness is reversed in 
different habitats, facultative switches in mat- 
ing behavior may evolve if females routinely 
experience different habitats and can assess 
environmental cues that reliably predict off- 
spring fitness (26, 27). Because the fitness con- 
sequences of mate choice may often depend on 
the females’ own phenotype oF the habitat in 
which their offspring develop (0, 12, 28), 
comtext-dependent female mate choice may be 
common (9-12). Explaining such variation in 
‘mate choice is important, because it can dra- 
matically affect the outcome of sexual selection 
and, ultimately, speciation. 
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Bypass of DNA Lesions Generated 
During Anticancer Treatment with 
Cisplatin by DNA Polymerase 4 


‘Aaron Alt,’* Katja Lammens,*** Claudia Chiocchini,* Alfred Lammens,*” }, Carsten Pieck,” 
David Kuch,? Karl-Peter Hopfner,*“t Thomas Carell 


DNA polymerase (Pol n) is a eukaryotic lesion bypass polymerase that helps organisms to survive exposure 
‘to ultraviolet (UV) radiation, and tumor cells to gain resistance against csplatin-based chemotherapy. It 
allows cells to replicate across crosslink lesions such as 1,2-<NGpG) cisplatin adducts (Pt-GG) and UV- 
‘induced cis-syn thymine dimers. We present structural and biochemical analysis of how Pol n copies Pt-GG— 
containing DNA. The damaged DNA is bound in an open DNA binding rim. Nucleotidl transfer requires the 
[DNA to rotate into an active conformation, driven by hydrogen bonding ofthe templating base to the dNTP. 
For the 3G ofthe Pt-GG, this step is accomplished by a Watson-Crick base pair todCTP and is biochemically 
efficient and accurate. In contrast, bypass ofthe 5'0G of the Pt-GG is less efficient and promiscuous for dCTP. 
and dATP as a result of the presence ofthe rigid Pt cross-link. Our analysis reveals the set of structural 
features that enable Pol n to replicate across strongly distorting DNA lesions. 


1 three kingdoms of life possess special 
Y-family DNA polymerases (/, 2) 
“These enzymes share with high-fidelity 
DNA polymerases the basic nucleotidy! transfer 
mechanism and the right-hand-like structure, but 
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the potential DNA duplex binding surface is 
increased by a polymerase-associated domain 
(PAD, also denoted “tle finger” for its role in 
template binding) found only in Y-family poly 
merases (3). DNA polymerase 1 (Pol n) in 
‘eukaryotes is able to replicate through UV- 
induced cyclobutane pyrimidine dimers (CPDs) 
(4-6), or cisplatin-indced 1,2-4(GpG) adducts 
(P-GGs) (7) formed in a typical anticancer ther 
apy with cisplatin (8). Bypass of such cross-links 
is particularly dificult because two adjacent coding 
‘bases are simultaneously damaged. To reveal the 
mechanism for this poorly understood lesion 
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bypass capability, we erystallized the large frag- 
‘ment of yeast Pol 1, as temary complexes with 
incoming dNTP and two different 16-bp tem- 
plates containing a site-specitic P-GG, annealed 
to two different 9-bp primers (CP and CP2). 
‘The first erystals analyzed featured two dif 
ferent complexes (Fig. 1, A and C, and Fig. 2A) 
in the asymmetric unit. Their structures. were 
determined at 3.1 A resolution. The crystals were 
‘obtained by co-crysallizing Pol n with the DNA 
{emplate-pimer construct CPL. In. both com- 
plexes, the PLGG crosslink is well defined in 
the electron density, and the bases forming the 
PL-GG lesion are positioned at a ~90° angle 
with respect to each other (Fig. 1B), The first 
complex (Fig, 1, A to D) (34G elongation step) 
ccontains the PLGG lesion partially situated in 
the active site, with the 4G of the lesion 
forming a standard Watson-Crick base pair with 
the incoming dCTP (Fig. 1C), representing a 
‘model forthe efficient bypass of the 3G of the 
lesion, The second complex shows the PLGG 
lesion outside the active site in front of the DNA 
binding rim (Fig, 1D, 2A), We suggest that this 
‘complex resembles the “pre-clongation” state, In 
both structures, the template primer complex is 
‘bound in a wide DNA binding rim between the 
‘opposing thumb and PAD domains (Fig. 1A). 
‘The structures reported here and the structure 
fof the apoenzyme (9) share the same space 
‘groups and similar unit cell dimensions. A com 
parison of the 3'4G elongation complex with the 
‘apoenzyme reveals small but important changes. 
‘The thumb domain moves toward the DNA (fig. 
'S1), and the loop 306-312 (Fig. 1D) contacts the 
DNA backbone. Loop 353-363 moves toward 
the minor groove, and f-sheet jy of the PAD 
domain shifts by 4 A toward the DNA back- 
‘bone, The reorientation of the DNA from the pre 
‘elongation into the 3'dG elongation state (Fig. 2, 
B and C) is accompanied by small motions of the 
thumb and PAD domains, relative to the palm 
and finger domains (fig. $2). The DNA contacts 
to the PAD domain are shifted by one base pair 
(fig. $3). In the pre-clongation complex (Fig. 
2A), the P-GG lesion is positioned outside the 
active site and the ¥74G of the lesion is held 6 A. 
away from the dCTP (3'dG-O6"sINH,-dCTP). 
Still, the JCTP is positioned in the active site 
‘even in the absence of any templating base. Two 
‘metal ions are seen in the active site, coordinated 
‘by the catalytically essential residues Asp”, 
Asp'* and Glu! (Fig. 2A), The 30H group, 
‘which was modeled into the structure because the 
primer features a dideoxy terminus, is located 
~8.5 A away from the ACTP’s a-phosphate and. 
hhence is unable to perform primer elongation. 
This situation is substantially changed when the 
template-primer complex rotates into the 3'4G 
elongation state (Fig. 2, B and C), Here, the 34G 
‘of the lesion establishes a standard Watson-Crick 
base pai with the pre-orientated GCTP (Fig. 1C). 
Arg” coordinates the ACTP’s a-phosphate and 
‘tacks on the base moiety. In this complex, the 
distance between the putative ¥}OH nucleophile 
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and the a-phosphate is only ~3.0 A, well aligned 
for nucleotidyl transfer, explaining why the frst 
step of lesion bypass is relatively efficient 
Correct positioning of the ACTP for the 3G 
translesion synthesis is guided by a H-bond 
between the OH group of dCTP and the 
backbone of Pol y at Phe’, as well as by 
hydrophobic interactions with Phe™ (fig. $4). 
Phe** is the steric gate, needed to exclude 
ribonucleaside triphosphates from entering the 
catalytic center (10). 

‘We next crystallized Pol 9 together with 
the template-primer construct CP2 in which the 


A 


S'dG of the lesion is the first unpaired base. 
Again crystals were obtained with two differ- 
cent complexes in the asymmetric unit (com- 
plex 1b and 2b) determined at 3.3 A resolution, 
(Complex 1b) (Fig. 3, A and B). The obtained 
structures, which are very similar, provide 
sight into the second lesion bypass step (S'dG 
elongation). Biochemically, we observed that 
bypass of the 3dG by Pol 1 is efficient and 
mostly error five (Fig. 3C). Bypass of the $'4G, 
however, is slower and promiscuous for SCTP. 
‘and dATP (Fig. 3D), Inthe S'0G clongation com 
pilex, the 3G of the lesion remains Watson- 


Fig. 1. Pol n structure in temary complex with lesion containing DNA. (A) In the 3'dG elongation 
complex, the cisplatin (magenta) is shown with the platinum anomalous electron density contoured at 
10 «. The primer and template strands of the DNA (brown) and the Watson-Crick H-bonded dCTP 
(magenta) are depicted as sticks. The two metal ions are shown as gray spheres. (B) View of the 
1.2-d(GpG) cisplatin lesion superimposed with the simulated annealed composit-omit density map 
contoured at 1.0 sigma. (C) The catalytic residues in the active site. R73 orients the CTP for H-bonding 
with the 3'desoxyguanine of the lesion. (D) Schematics of protein-DNA contacts representing the pre~ 
elongation, 3'dG elongation, and S'dG elongation complex. Direct hydragen-bonds are indicated by 
solid fines. DNA contacts with the symmetry-elated molecule are not shown. 
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Crick base-paired to the primer dC base. The 
incoming dNTP stacks on top of this base pai. 
‘The S'dG of the moved into the sctive site, but 
the cross-linking Pt-bond to the 3G forces this 
stay perpendicular relative (0 the incoming 
ATP (Fig, 3B). Only one H-bond is established 


> 


2 


Fig. 2. The 34 elongation process of 
Pol 1 (A) The catalytic residues, the 
‘metal ions and the dCTP are shown for 
the pre-etongation complex. Phe?® 
stacks upon the dNTPs deoxyribose, 
‘The JNTP is unpaired. (B) Detailed view 
‘of the lesion in the pre-elongation com- 
plex (cyan). superpositioned with the 
lesion in the 3'dG elongation state 
(magenta). For clarity, the finger do- 
‘main has been omitted and the ONA 
‘molecules (cyan and magenta) are 
viewed in a simplified form. Watson- 
Crick base pairing revolves the DNA to 
position the 30H of the primer for 
‘nucleophilic attack on the a-phosphate 


between the exocyclic C(6}-NHz amino group 
of dATP and the C(6)-O carbonyl oxygen of 
the $'4G. In this structure, the modeled primer 
30H is 7.5 A away from the dATP, a distance 
that is significantly larger compared with the 
first elongation complex (5 A), providing a 


ofthe dT. (The DNA reves rm the peelongaon sate into the fist dengaton state 
fooing a Wate base pek. Tis lon the 31H of the rier fer ech tance. The 


protein of the pre-elongation complex is omitted for clarity, and the protein of 


the 3'dG elongation 


state is depicted in gray. The DNA molecules are color coded as in Fig. 28. 


Fig. 3. The 5'4G elongation process of Pot n (A) 
The 5'4G elongation complex is shown in gray, 
and the primer and template strands are depicted 
as sticks (brown). The lesion and the dNTP are 
depicted as sticks in color. (B) The catalytic 
‘residues together with the metal ions bound to 
{ATP are shown. The nucleotide forms one H-bond 
with the S’desoxyguanine of the lesion. (C) 
Nucleotide insertion studies opposite the 3G of 
the lesion using a fluoresceinabeled 13mer 
hybridized to an 18mer DNA template either with 
2 site-specific cisplatin lesion (lesion) or without 
(lesion free). The dNTP used in each experiment is 
hnoted at the top of the lanes. The markers (M) 
‘epresent an insertion opposite the 3'G (14mer) 
and the 5G (1Smer). (D) Nucleotide insertion 
studies opposite the lesions 5'G using the same 
teaction conditions as in (O, with a fluorescein 
labeled 14mer hybridized to a 18mer DNA 
template with either a site specific cisplatin lesion 
(lesion) or without (lesion free). 
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rationale for the slower second bypass step. In 
‘complex 2b, the S'dG is even 9.5 A away from 
the a-phosphate, and no hydrogen bond is 
formed to the incoming dATP (fig. $5), Thus, 
the single H-bond formed between the two 
perpendicularly oriented heterocycles pulls the 
primer strand and the dATP together. Such an 
Hebond is only possible with dATP and dCTP, 
Which explains the promiscuity for dCTP and 
ATP during the second bypass step. To ob- 
tain further support for this hypothesis, primer 
extension studies were performed with 
containing templates and 6-deaminocytidineti- 
phosphate (4ZTP), which cannot form the 
critical H-bond. As predicted, bypass of the 5* 
4G with dZTP is indeed reduced (fig, $6). 

‘We have constructed a model of how Pol n 
effects bypass of PLGG lesions [despite the 
limited resolution (~3 A) and bearing in mind 
that crystal packing forces might influence 
aspects of the structure remote from the active 
site). The enzyme binds the template-primer 
‘complex nonproduetively in the “pre-clongation” 
state, which is in equilibrium with the produc- 
tive 34G clongation state (17). We suppose 
that the DNTPS are bound and presumably rap- 
idly exchanged in the active site. If a dNTP is, 
‘bound, and able to interact with the templat 
base, it shifts the primeremplate equilibrium 
toward the 344G clongation state, in which 
niucleotidyl transfer oceurs. In the second step 
‘of lesion bypass, the primer template moves 
forward, with one H-bond apparently being the 
‘minimum requirement to pall the template prim 
‘er complex toward the incoming dNTP in order 
to allow the $'4G nucleotidy! transfer, This hap- 
‘pens at much reduced efficiency and accuracy. 
‘The proposed rotation step would be mechanis- 
tically quite distinct from the NTP-inocted in- 
duced fit observed in high-fidelity polymerases 
(3) and could be a specific adaptation for repli 
cation of templates containing intrastrand eros 
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Fig. 4, Structure-based point mutation of Arg” 
(A) Sequence alignment of S. cerevisae, human 
and mouse Pol n, DPO4, and human Pol 1 
showing that R73 is conserved in Pol n homologs. 
‘Secondary structure elements are a rectangle for « 
helix and arrows for f strands. (B) DNA sequences 
used for primer extension studies and for the 
crystallization of the first bypass step (CP) and 
the second bypass step (CP2). The sites of the 
lesions are indicated in red. (C) Time-dependent 
primer extension studies with Pol n (n) and Pol 
nR73L (n*), using the same template and primer 
strands used for crystalization but without the 
site-specific cisplatin lesion. (D) Time-dependent 
primer extension studies with Pol n (n) and Pot 
nnR73L (n?) with the same template and primer 
strands as in 4C but with a site-specific cisplatin 
lesion. 


link lesions (12, 13). The proposed mechanism 
argues that Pol n selects comet NTPS not by 
shape but by hydrogen bond complementarity, 
‘which is consistent with previous biochemical 
observations (4). 

To gain further insight into the biochemis- 
try of the bypass reaction we analyzed a site- 
directed mutant of Pol n. Arg73 seems to activate 
and stabilize the dNTP for the lesion bypass 
steps. ‘The guanidinium group stacks on top of 
the base moiety of the incoming NTP (/5), 
‘which is important forthe correct positioning of 
the ANTP (Fig. 3B). Arg73 is highly conserved 
among Pol n homologs but not among other 
Yefamily polymerases (Pig. 4A). We mutated 
Arg73 to leucine (fig. $8) and found that Pol 
AR73L (Pol n) sill can replicate undamaged 
templates (Fig. 4C, n°), although the polymeri- 
zation efficiency is substantially reduced. Pol 
nR7SL is able to perform the first bypass step 
slowly, in comparison with the wild-type enzyme 
(Fig. 4D, n*), whereas the second step of lesion 
bypass is strongly compromised. The same bio- 
chemical properties are observed with CPD 
lesions (fig. $7), showing that the function of 
R73 is generally required for the replication 
trough intrastrand cross-links (16). 

‘These four crystallographically analyzed 
complexes, together with the biochemical dats, 
provide a step-by-step picture ofthe lesion bypass 
process. This information may lead to new cis- 
plain derivatives able to escape translesion rep- 
Tication in order to overcome tumor resistance in 
cisplatin chemotherapy. 
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GNAT-Like Strategy for Polyketide 


Chain Initiation 


Liangcai Gu,*** Todd W. Geders,** Bo Wang,* William H. Gerwick,” 
Kristina Hakansson,* Janet L. Smith,” *t David H. Sherman*?**t 


‘An unexpected biochemical strategy for chain initiation is described for the loading module of the 
polyketide synthase of curacin A, an anticancer lead derived from the marine cyanobacterium 
Lyngbya majuscula. A central GCNS-related N-acetyltransferase (GNAT) domain bears bifunctional 
decarboxylase/S-acetyltransferase activity, both unprecedented for the GNAT superfamily. A Cura 
loading tridomain, consisting of an adaptor domain, the GNAT domain, and an acyl carrier protein, 
‘was assessed biochemically, revealing that a domain showing homology to GNAT (GNAT) catalyzes 
() decarboxylation of malonyl-coenzyme A (malonyl-CoA) to acetyl-CoA and (ii) direct S-acetyl 
‘transfer from acetyl-CoA to load an adjacent acy carrer protein domain (ACP). Moreover, the 
‘N-terminal adapter domain was shown to facilitate acety-group transfer. Crystal structures of GNAT, 
were solved at 1.95 angstroms (igand-free form) and 2.75 angstroms (acytCoA complex), 

showing distinct substrate tunnels for acyl-CoA and holo-ACP, binding. Modeling and site-directed 
mutagenesis experiments demonstrated that histdine-389 and threonine-355, at the convergence of 
the CoA and ACP tunnels, participate in malonyl-CoA decarboxylation but not in acety-group transfer. 
Decarboxylation precedes acetyt-group transfer, leading to acetyl-ACP, as the key curacin A starter unit. 


‘odular polyketide synthases (PKSs) 
‘are large biosynthetic machines that 
assemble structurally diverse sec- 
‘ondary metabolites with a broad spectrum of 
biological activities. Multifunctional enzymes 
catalyze programmed metabolic pathways to 
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assemble short-chain acyl-CoA building blocks 
into complex polyketide products by one step of 
chain initiation, followed by multiple steps of 
cchain clongation and processing. Polyketi 
chain clongation steps are catalyzed by exten- 
sion modules that are minimally composed of 
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three essential domains—ketosynthase (KS), 
acyluansferase (AT), and acy! camrier protein 
(ACP)—plus auxiliary processing domains (€-2., 
ketoreductase, dehydratase, and enoyl reductase). 
‘As in fitty acid synthases (FASs), PKSs catalyze 
chain extension by a decarboxylative conden- 
sation reaction, Polyketide chain initiation is 
catalyzed by a “loading module” that, in all 
characterized PKSs, consists of domains homol- 
‘ogous with domains of the minimal extension 
module. A loading acyltransferase domain 
(AT,) uses an acyCoA substrate to load an 
adjacent ACP domain (ACP,). Typically, the 
‘AT, substrate is an c-carboxylated acyl-CoA, 
like the substrate for chain extension, and acyl 
transfer is followed by decarboxylation by a 
“KS°" domain within the loading module (J, 2). 
‘Altematively, in the well-studied erythromycin 
PKS, a transacting methyimalonylCoA. decar- 
boxylase aets on a-carborylated acyl-CoA be- 
fore acyl transfor by AT), 3, 4). 

Curacin A, a marine cyanobacterial metab- 
olite from L, majuscula, is a mixed-polyketide 
rnonribosomal-peptide natural product with po- 
tent antiproliferative and cytotoxic activity 
‘against colon-, renal, and breast-cancer- derived 
cell lines (5), The recent identification and par- 
tial characterization of the biosynthetic pathway 
for curacin A (6) revealed an atypical loading 
‘module, in which only the ACP. resembled typ- 
ical PKS domains. Similar loading modules also 
‘occur in the biosynthetic pathways for pederin (7), 
ity structural analogs onnamide and theopederin 
(8), myxoviresein A (9), and thizoxin (10). In 
these natural product biosynthetic gene clusters, 
the chain initiation modules are structured as an 
"N-terminal ~180-amino acid region of unknown 
function [adapter (AR) domain, not present in 
OnnB: for onnamide), a variable-length linker 
region, GNAT,, and ACP, (Fig. 1). The pre- 
dicted function of all of these GNAT, «containing 
‘modules was to load an acety! group onto the 
PKS assembly line (6-10), but the mechanism of 
this process remained unclear, 

GNAT is a superfamily of V-scyltransferase 
‘enzymes that catalyze acyl transfer to a primary 
amine and function in diverse pathways in pro- 
kkaryotes and eukaryotes, including antibiotic 
resistance, gene regulation, and hormone synthe- 
sis(11, 12). Typically, prokaryotic and eukaryotic 
GNATs have separate binding sites for the acyl 
«donor and acceptor substrates and catalyze direct 


seyl transfer in the absence of covalent inter- 
mediate on the enzyme (//). GNATS are mech- 
‘anistically and structurally distinguished from 
the PKS and FAS AT domains that function as 
‘S-acyltransferases, use a covalent enzyme inter- 
‘mediate, and belong to the a/B hydrolase super- 
family (73-76). Thus, acyl transfer to an ACP 
thiol group represents an unprecedented reac- 
tion for GNAT enzymes. 

To investigate the atypical PKS chain initi- 
ation process, we cloned and overexpressed 
fiagments of curd encoding the N-terminal 
tridomain, AR-GNAT,-ACP,, Several expres- 
sion constructs were made to include the three 
‘components in various combinations (Fig. 2A 
and fig. SI, A and B), Constructs containing 
ACP, were generated in holo form by coex- 
pression with a plasmid encoding phosphopan- 
tetheinyl transferase (Sfp) from Bacillus subilis 
(17), without this plasmid, Escherichia coli 
produced ACP, in the apo form. All constructs 
lacking the AR domain were readily produced 
1s soluble polypeptides, but thase including AR 
(AR-GNAT, and AR-GNAT,-ACP,) had. sub- 
stantially decreased solubility, and the excised 
AR domain was not obtained in soluble form 
under any conditions tested. Solubility was 
substantially greater for the AR-GNAT,-ACPy 
(holo) tridomain than for the apo counterpart 
(fig. SIA), suggesting that the phosphopante- 
thcine (PPant) arm of ACP, (holo) stabilizes the 
AR domain, The 63.3-D AR-GNAT,-ACP 
polypeptide is monomeric (fig. SIO). 

To assess the initiation behavior of the Cur 
starter unit, we treated the apo and holo forms of | 
the CurA tidomain (AR-GNATL-ACP.) and 
didomain (GNAT,-ACP,) with radiolabeled 
acyl-CoAs and analyzed protcin radiolabeling 
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by SDS-polyacrylamide gel electrophoresis 
(PAGE) (Fig. 2B). The holo forms of both the 
tridomain and didomasin incorporated the radio- 
label, whereas the apo forms were not labeled, 
indicating transthioesterification of the acyl group 
from CoA to the PPant arm of ACP. Thus, the 
‘Neterminal domains of CurA catalyze acyl load 
ing, and aeditional proteins are not required. Lack 
of radiolabeling of the apo foms also indicates 
that loading does not proceed through a covalent 
‘enzyme intermediate, which is consistent with 
the directtransfer mechanism established for 
‘other GNAT family members (3, 11), This isin 
contrast 10 the “canonical” PKS loading mod 
tule, typified by 6-deoxyerythronolide B synthase 
(DEBS) AT,-ACP{, (3), in which a covalent in- 
termediate is observed for the apo form (Fig. 2B). 
‘The ability of the GNAT,-ACP, (holo) didomain 
{to load an acyl group demonstrated that. the 
ccatalytic machinery for chain initiation resides 
within the GNAT), domain and not within the 
AR domain, which is also supported by the 
fact that selected mutations within GNAT,, 
affected the loading behavior of AR-GNAT}- 
ACP,, both in cis (fig. $2) and in trans (Fig, $6). 
However, the increased level of acyl-group 
loading activity by the AR-GNAT,-ACP, 
(holo) tidomuin (Fig, 2B and fig. S3) suggests 
that AR is required for efficient acyl transfer. 
Unexpectedly, both malonyl-CoA and acetyl-CoA 
functioned as substrates for the AR-GNAT; 
ACP, (holo) tridomain with similar efficiency 
ig. $2). 

‘To further investigate the CurA AR-GNAT,~ 
ACP, tridomain components, we analyzed the 
prodhicts that were covalently tethered to the PPant 
am of ACP, We interogated mass changes on 
AR-GNATL-ACP,, far in is: acyl-gsoup transfer 


Fig. 1. Initiation modules containing GNAT, and compounds produced by the PKS pathways. All GNAT.- 


containing modules are predicted to catalyze the loading of an acetyl group. Because of the hig 


larity 


of pederin, onnamides, and theopederin, only onnamide A is shown as the prototype example. 
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‘or by using the excised ACP, as the in trans acy!- 
group acceptor (Fig. 2C). Excised ACP, and 
trypsindigested AR-GNAT,-ACP, samples 
‘were examined by Fourier transform ion cyclotron 
‘resonance mass spectrometry (FTICR-MS) and 
infrared multiphoton dissociation (IRMPD) meth- 
‘ods (/3). First, the ACP, phosphopantetheinylation 
site was established as Ser™” by MS analysis of the 

‘rypsin-digested AR-GNAT,-ACP,. “ie $3) and 
‘by generating the comesponding Ser*’”—+Ala*”” 
(S477A) ACP, mutant protein (/9). Notably, for 
both malonyl-CoA and acetyl-CoA. substrates, 
only an acetyl group was detected on the Pant 
am of AR-GNAT,-ACP, (holo) (Fig. 2C and 
fig. $3) or ACP, (holo) (Fig. 2D and fig. S4A). 
‘Thus, the CurA GNAT;, loading module cata- 
lyzes both decarboxylation and acyl transfer of 
carboxylacyl-CoA substrates, These data reveal 
8 gain-of-function for a GNAType polypeptide, 
as well as a divergence from all other charac- 
terized PKS loading modules, in which the acy! 
transfer and decarboxylation are catalyzed by 
‘separate domains (/, 4). Further analysis by high- 
performance liquid chromatography (HPLC) and 
FTICR-MS demonstrated that all constructs 
containing GNAT, (GNAT,, GNAT.-ACPL, and 
AR-GNAT,-ACP,) catalyzed decarboxylation of 
malonyl-CoA, methylmalnyl-CoA, and malonyl- 
ACP, © genenite acetyl-CoA, propiony/CoA (lig. 
$5), and acetyl-ACPy, (fig. S4B), respectively. 

Next, kinetic parameters for decarboxyla- 
tion were measured by HPLC for malonyl-CoA 
and methylmalonyl-CoA and by ridioassay for 
[1,3-C}malonyl-ACP,, (table S1), The steady- 
‘state analysis indicated that malonyl-CoA is the 
preferred substrate. The catalytic rate constant 
(key) for malonyl-CoA was ~1.8 s-', which is 
about sixfold and ~49-fold higher than those 
values for methylmalonylCoA and malonyl 
ACP, respectively. Similarly, the catalytic ef 
ficiency, Aey/Kyy (Where Ky is the Michaetis- 
Menton constant), for malonyl-CoA was ~S25 
mM™ 5, which is about threefold and about six- 
fold higher than those values of methylmalonyl- 
CoA and malonyl-ACP,, respectively. 

With clear evidence for a relatively rapid 
decarboxylation step catalyzed by GNAT), we 
sought to measure the rate of acyl loading by 


A 


Fig. 3. (A) Structure of GNAT, domain. (B) Substrate tunnels with models 
(black-colored carbons) of acetyt+CoA (wheat-colared) and PPant arm of holo- 
ACP, (orange-colored). Residues Trp, His, Thr°**, and Arg** are shown 
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AR-GNAT,-ACP,. We determined the in cs acetyl- 
group transfer rate of AR-GNAT,-ACPL (holo) 
by using {1-'Clacetyl-Co and (2-“Cjmalonyl- 
CoA substrates. The kas and Ky values were 
derived by measuring the intramolecular acyl 
transfer rate at a series of acyl-CoA concen- 
trations (table SI). The kes OF Kyy values for 
acetyl-group transfer were similar for acetyl-CoA 
and malonyl-CoA substrates. In contrast, the ko 
for acetyl-group transfer was ~780-fold slower 
than the Ka for decarboxylation of malonyl- 
CoA, suggesting that decarboxylation and acety- 
group transfer are separated by a slow tridomain 
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conformational change that leads to effective 
binding of the ACP, Pant arm in the active site 
(2 in fig. S7). Taken together with the 
decarboxylation kinetic data, these results con- 
firm that malonyl-CoA decarboxylation precedes 
acetyl-group transfer to ACP;, (holo). Inaddition, 
the apparent Ky, of acetyl-CoA or malonyl-CoA 
for acyl transfer is 80- to 90-fold lower than the 
Kya of malonyl-CoA for decarboxylation and is 
dependent on the ratio of rate constants (Ay t0 ke, 
in fig. $7). 

Because previously described GNAT en- 
zymes catalyze various N-acetylation reactions, 
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Fig. 2. (A) Expression constructs for cu initiation module. (B) Substrate loading of (apo and holo) 
GNAT-ACP,, AR-GNAT-ACP,, and DEBS AT,-ACP,. Proteins (20 iM) were incubated with 90 MM CoA 
substrates in SO mM Mops, pH 7.0, at room temperature. The SDS-PAGE gel images for Coomassie blue 
Staining (top) and autoradiography (bottom) are shown. (C) FTICR mass spectrum (left) showing the ACP 
Ser-containing peptide from the trypsin-digested (holo) AR-GNAT-ACP, loaded with malonyl-CoA, and 
partial IRMPD spectrum (right) showing the PPant ejection product with a covalently linked acetyt 
group. miz, massicharge ratio. (D) Partial FTICR mass spectra showing (holo) ACP,-SH (left) and holo) 
‘ACP-NH (right) loaded with acetyl-CoA. The N-terminal His tag of ACP. was removed. 10 jiM (holo) 
-ACPSH [or ~1.5 uM (holo) ACP,-NH,] and 2 jiM AR-GNAT.-ACP, were incubated with 50 }iM acetyt 
CoA at room temperature for 30 min, 


(green-colored carbons). (C) Stereo diagram of modeling results overtaid with 
the observed structure, showing interaction of His”? and Thr’** with thioester 
‘carbonyl of acetyl-CoA. Coloring is identical to that in (B). 
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wwe tested whether CurA GNAT, retained a 
similar residual activity. We synthesized a CurA. 
‘ACP, -PPant analog bearing a terminal NH in 
place of native (holo) ACP,-SH (refer to the 
supporting online material) and tested it for in 
trans acetyl-eroup transfer catalyzed by AR- 
GNAT,-ACP, (apo) to excised CurA (holo) 
ACP,-NHz (monitored by FTICR-MS). A 
convenient intemal standard was supplied by 
low levels of ACP,-SH in the ACP,-NH> 
preparation (Fig. 2D), likely resulting fom the 
activity of endogenous E, coli ACP synthase or 
EntD (20), In contrast to the significant level of 
acetyl loading on ACP,-SH (Fig. 2D), only a 
trace amount of acety+NH-ACP, was detected. 
In addition, simple alkyl amines (eg., ethylene- 
diamine and butylamine) were tested as substrates 
for acetyl-group transfer by Cur GNAT,, but no 
Neacetylransfease activity was detected for any 
fof them, Thus, the N-acetyltransferase activity 
typically associated with GNAT enzymes is almost 
‘completely attenuated in the CurA AR-GNAT,~ 
ACP, chain initiation module 

To advance our understanding of GNAT,, 
function and to identify active site residues, we 
determined the crystal structures of the excised 
CurA apo GNAT, (ligand-free) domain and of 
the comesponding GNAT;, with added malonyl- 
COA (table $2). GNAT. (CurA residues 219 to 
439) has the GNAT superfamily fold, consisting 
‘of acentral, mostly antiparallel sheet flanked by 
«helices (Fig, 3A)(//, 12), and is most similar to 
serotonin N-acetyltransferase (root mean square 
deviation = 1.9 A for 160 Ca atoms) (22). 

The crystal structures of Cur GNAT;, pro- 
‘vide key insights into the function of this distine- 
tive member of a large and ubiquitous protein 
family, TWo tunnels from opposite faces of the 
protein converge at a position conesponding to 
the active sites of homologous GNATs (Fig. 3B). 
Presumably, these tunnels ane the binding sites for 
the PPant ams of the CoA and ACP, substrates. 
‘To distinguish the to tunnels, we soaked crystals 
of GNAT,, with malonyl-CoA (table $2). New 
electron density was observed in only one tune: 
the CoA-binding tunnel (fig. S8). The location of 
this tnnel and the mode of CoA. binding, in 
Which the nucleotide lies in a surface cleft and the 
PPant arm extends into the tunnel, are consistent 
‘with structures of other members of the GNAT 


superfamily (11, 12). tn CurA GNAT,,, selectivity 
for CoA over ACPL. is imparted by a 5’ 
iphosphate-binding loop (Fesidues 327 to 332) 
and by Arg®” recognition of the 3-phosphate. 
Neither of these recognition features exists in 
FeeM, a GNAT superfamily member that uses an 
SeyFAACP donor substrate (22), Compared with 
the stong density for the CoA nucleotide, density 
for the PPant arm was weaker and indicative of 
multiple canformations, perhaps as a result of the 
presence of bath the malonyl-CoA substrate and 
the acetyl-CoA. decarboxylation product in the 
‘erystal. No new electron density was cbserved in 
the secend tunnel, which we designate the ACP, ~ 
binding tunnel. The side chain of conserved Arg** 
forms one wall of the putative ACP,-binding 
tunnel (Fig. 3C and fig. $9), and a series of water 
molecules extending to the protein exterior forms 
the opposite wall. The designated ACP-binging 
tunnel overlays well with the acetyl-group acceptor 
site in other GNATS, is well-matched in length 
to the fully extended PPant arm of holo-ACP, 
(-15 A), and likely forms the ACP, Pant arm- 
binding site (Fig. 3B). The two tunnels meet at 
‘conserved Trp™”, just as many other GNAT fam 
ily members have their two binding sites separated 
by an aromatic residue (Fig. 3B and fig. =a 

We searched for potential catalytic resi 
for decarboxylation and found His™ ates 
at the junction of the two tunnels (fig. S9 and 
Fig. 3C). These residues are 
by hy ond of Hy Tyr” and af 
the The adbone a nsg seach AN 
four of these residues are invariant among 
GNAT, containing PKS loading modules (fig. 
'S9), To test the role of His” and Thr’, we as- 
sayad H389A, H3S9N, and T3SSV variant pro- 
teins for decarboxylase and acetylransterase 
activity (table $1), Decarboxylation was severely 
impaired by substitutions at ether site. Specifical- 
ly, the His”? and The’®* variants resulted in at 
least 100-fold reduction in kor decarboxylation 
of malonyl-CoA to acetyl-CoA and in relatively 
modest changes (0 Kyy values. In contrast, 
substitutions at His™” and Thr’ had only modest 
effects on acetyl-roup transfer activity, demon- 
strating that these residues do not play a critical 
role in acetyl-group trans. 

Based on mutagenesis results and on model- 
ing the PPant arms of acetyl-CoA and ACP, 


baw 


Fig. 4. Proposed mechanism of the CurA AR-GNAT,-ACP, chain i 


module. Malonyl-CoA enters the 


Coking tunnel (white tunneD of the GNAT, domain (dark blue region) and GNAT, catalyzes 
decarboxylation to acetyl-CoA. The AR domain (light ble circle) directs the PPant arm of ACP, (yellow circle) 
‘nto the ACP tunnel (yellow tunnel) for subsequent acety-group transfer via transthivesterification. 
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(Fig. 3C and fig. $8), His” and Thr’ are pro- 
‘posed to stabilize an enolate anion intermediate of 
the decarboxylation reaction, We further propose 
that the isoenengtic transfer of an acetyl group 
from acetyl-CoA to ACP,-SH (holo) is catalyzed 
by direct attack of the deprotonated thiolate of 
ACP, upon acetyl-CoA at the junction of the 
GNAT, CoA- and ACP,-binding tunnels, The 
buried Ang*™ residue at the base of the ACP,- 
‘binding tunnel may facilitate binding of the 
deprotonated thiol of the acceptor Pant arm of 
ACP,. The Naerminal AR domain, which was 
stabilized by the PPant arm of ACP, may also 
assist in delivering (holo) ACP, w GNAT,, AR 
is likely to have a common function in GNAT,- 
containing modules based on its highly con- 
served sequence. 

Based on the studies described above, the 
mechanism of CurA AR-GNATL-ACP\, is pro- 
posed 10 involve a series of acyl-CoA- protein, 
protein-protein, and profcin-PPant am interac 
tions (Fig. 4 and fig, $7) that mediate the distine- 
tive bifunctional decarboxylase/S-scetyltransferase 
activity. It is likely that other presently un- 
recognized GNAT members will be found with 
unexpected biochemical properties oF that previ- 
‘ously identified proteins will be grouped within 
this lange family. For example, the eryM-encoded 
methylmalonyl-CoA decarboxylase (4) has not 
‘boon the subject of structural analysis, but com= 
parative acid sequence analysis. now 
‘predicts that it contains the GNAT scaffold 

‘An important outcome of the current work is 
the realization that GNAT,-containing modules 
‘are not uncommon among previously charac- 
terized natural product biosynthetic gene clus- 
ters and are well-represented within bacterial 
‘genome sequences, This metabolic strategy thus 
represents an additional widely used chain ini- 
tiation process for assembly of important biolog- 
ically active small molecules. At a comparative 
level, the CurA GNAT;, has significantly slower 
‘S-acetyltransferase activity than the erythromycin 
PKS AT; However, /. majuscudla has a relatively 
slow growth rate in the marine environment as 
well asin culture (.e., doubling time of ~1 0 days) 
(23) anda comespondingly low production of 
ccuracin A per unit biomass as compared with 
yields of other microbial natural products [e... 
‘erythromycin via the DEBS aglycone interme- 
diate by Sccharopolyypora erythraea (24). Thus, 
the cunacin A PKS assembly ine has evolved 
Under environmental constraints and_organismic 
noeds that reflect its reduced efficiency. 

The work described in this report provides 
«lear evidence for an unprecedented bifunctional 
decarboxylase Sacetyliransferase role for the 
CurA GNAT scaffold, which substantially 
broadens the chemical reaction inventory of this 
well-known protein superfamily. The method of 
PKS chain initiation described here enables 
malonyl-CoA to serve as the sole precursor to 
both initiate and extend the carbon chain of 
ccuracin A, Moreover, by virtue of the greater rte 
‘of acetate versus propionate transfer to ACP, 
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afler decarboxylation, the GNAT,. strategy for 
chain initiation provides an additional mechanism 
to ensure fidelity of curacin A chain length, 
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A Bifunctional Bacterial Protein Links 
GDI Displacement to Rab1 Activation 


‘Matthias P. Machner® and Ralph R. Isberg?=* 


Rab guanosine triphosphatases (GTPases) regulate vesicle trafficking in eukaryotic cells by 
teversibly associating with lipid membranes. Inactive Rab GTPases are maintained in the cytosol by 


binding to GOP-dissociation inhibitor (GD). It is believed that specialized proteins are r 


wired to 


displace GDI from Rab GTPases before Rab activation by guanosine diphosphate-guanosine 
5'-triphosphate (GOP-GTP) exchange factors (GEFs). Here, we found that SidMt from Legionella 
‘pneumophila could act as both GEF and GOl-displacement factor (GDF) for Rabi. Rabi released 
{rom GDI was inserted into liposomal membranes and was used as a substrate for SidM+-mediated 
nucleotide exchange. During host cell infection, recruitment of Rabi to Legionella-containing 
vacuoles depended on the GDF activity of SidM. Thus, GDF and GEF activity can be promoted by a 
single protein, and GDF activity can coordinate Rab1 recruitment from the GDI-bound pool. 


esicle trafficking between membrane- 

bound organelles in eukaryotic cells is 
regulated by the highly conserved Rab 

family of small guanosine triphosphatases 
(GTPases) (/), Rab proteins activated by guano- 
sine diphosphate-guanosine 5'triphosphate 
(GDP-GTP) exchange factors (GEFs) are asso- 
ciated with membranes by means of two hydro- 
phobic preny! groups covalently attached to their 
C terminus (2-6). Inactivated GDP-Rabs are ex- 
tracted from membranes and maintained in the 
eytosol by GDP-dissociation inhibitor (GDI) 
(7-11), GDI binding prevents spontaneous 
GDP-GTP exchange on Rab proteins, and, there- 
fore, their inappropriate activation (/2) 
Delivery of Rab GTPases to sites of acti- 
‘vation involves their release from GDI, a process 
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thought to require GDIdisplacement factors 
(GDFs) (13, 14). PRA-1 (the human homolog 
of Yip3) facilitates dissociation of endosomal 
Rab proteins from GDI and represents a protein 
with GDF activity discrete froma GEF (/5). The 
identity and function of other proteins with GDF 
activity has remained elusive. 

The human pathogen Legionella pneumo- 
phila establishes a replication vacuole within 
alveolar macrophages by recruiting material from 
the host ceil endoplasmic reticulum (ER) (16-18) 
The bacterium translocates a large cohort of ef= 
{ector proteins into the host cell etosol by means 
of its Dot-lam protein type IV secretion system 
(TASS) (19). Two of these transocated proteins, 
SidM (DrrA) and LidA, target mammalian Rabl 
(20, 21), the key regulator of endoplasmic rtic- 
tulum (ER) to Golgi vesicle transport (22, 23) 
SidM was necessary for the recruitment of Rabl t0 
the Legionella-containing vacuole (LCV) and had 
GGEF activity specifically toward Rabl (20, 27). In 
vitro, surface-immobilized SidM and LidA could 
collaborate to tether ER-derived vesicles depen- 
<dent on activated Rab (20), which suggests that 
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both Z. pneumophila effectors are crucial for 
intercepting Rabl-controlled secretory vesicle 
transport during infection, 

Although recruitment of host cell Rabl to 
the LCV required SidM (20, 21), the Rab I-GEF 
activity of SidM was unlikely to be responsible 
for this capturing event, because Rabl must be 
released from GDI before nucleotide exchange 
‘can occur. The J, pneumophila genome does not 
‘encode any obvious PRAT homologs that could 
trigger GDI dissociation from Rabl. Thus, we 
tested whether SidM and/or LidA had GDF 
activity toward the Rabl-GDI complex. Because 
GDI preferentially binds prenylated Rab proteins 
(24, and bacteria lack the enzymatic machinery 
for Rab prenylation, Saccharomyces cerevisiae 
was used for the production of prenylated hexa- 
histidine (His.}-tagged human Rabl B (ScRab1) 
and FLAG-tagged human GDI2 (SeGD12) (fig. 
SI). Double prenylation of purified ScRabl was 
‘confinned (25), and purified SeRabl and SeGDI2 
formed a heterodimeric 1:1 complex (fig. 2). 
When ScRab|-ScGDI2 was incubated with bead 
immobilized recombinant SidM or LidA, SeRabl 
‘only bound to SidM-coated beads but not to 
LidA-coated beads or uncoated contro! beads 
(Fig. 1A), ScGDI2 did not coprecipitate with 
SidM-bound ScRabl, which indicated that it was 
displaced from the complex. Nonprenylated GDI- 
free human Rabl purified from Escherichia coli 
(EeRabl) was bound equally by SidM- and LidA- 
‘coated beads (Fig. 1A) (20), Thus, the Rab|-GEF 
SidM exhibited GDF activity and promoted 
dissociation of the ScRabl-ScGDI2. complex 
during SeRabl binding, whereas LidA binding 
‘was restricted to the GDI-free form of Rab 

Because SidM dissociated Rabl from GDI 
(Fig. 1A), we tested whether SidM_ could 
catalyze exchange of GDP against radiolabeled 
[ye SSIGIP-S [eumosine S-O43'4hictriphosphate, 
a nonhydrolyzable GTP analog] in ScRabl in 
‘complex with SCGDIZ. In the absence of SidM, 
ScRabl-ScGDI2 showed only minimal spon 
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cous [y-"'S|GTP uptake (Fig. 1B). In contrast, 
addition of SidM led to the rapid incorporation 
of [y-“S|GTP into ScRab!. However, the 
amount of [y-""S]GTP incorporated into ScRabl 
in complex with ScGDI2 (Fig. 1B) was consist 
cently lower than that observed for EeRabl (Fig. 
10), Because active Rab GTPases associate with 
the membrane by means of their C-terminal prenyl 
‘groups in vivo (5, 6, /4, 26-28, the lack of lipid 
bilayer during the in vitro GDP-{y-°S|GTP- 

exchange studies (Fig. 1B) may explain the at- 
tenuated activation of prenylated SeRabl. Con- 
sistent with this, we found that SidM-promoted 
[7-*SIGTP incorporation into ScRabl in the 
‘presence of phosphatidylcholine (PC) liposomes 
‘was mone than four times that seen in the absence 
of lipid vesicles (Fig. 1D), Thus, SeRabl activa 
tion by SidM was kinetically enhanced in the 
presence of a lipid bilayer, presumably because 
the bilayer provided a hydrophobic environment 
iio which GDIsfree ScRabl could be incorpo- 
rated by SidM. 

Next, we performed vesicle floating exper- 
iments to monitor protein association with lipo- 
somes during the different stages of nucleotide 
‘exchange, Incubation of SidM with a molar ex- 
cess of ScRabl-SeGDI2 revealed that accumu 


lation of ScRabl_on PC vesicles occurred only 
in the presence of both SidM and GTP-y-S (Fig. 
1E). Without GTP-y-S, only a fraction of ScRab] 
was integrated into PC vesicles and remained 
bound by SidM, which showed that nucleotide 
exchange was required to allow release of 
‘membrane-bound ScRabl by SidM before anoth- 
er ScRabl-ScGD2 complex was targeted. When 
Lida was added to PC liposomes, the protein 
specifically interacted with vesicles enriched in 
GIP-y-S-ScRabl_ (Fig. IF). Membrane-bound 
‘ScRabl activated and released by SidM was thus 
available to bind downstream acoeptors such as 
LidA. The SidM-mediated Rab] activation pro- 
‘cess can therefore be divided into three stages: (i) 
GDI release fiom Rabl accompanied by mem- 
brane insertion of SidM-bound Rab, (i) catal- 
ysis of nucleotide exchange in Rabl, and (iii) 
release of activated Rabl by SidM to allow 
downstream ligand binding to GTP-Rabl. Alter- 
natively, SidM could have indirectly accelerated 
the dissociation of ScGDI by catalyzing nucleo- 
tide exchange in ScRabl while bound to SeGDI, 
thereby generating GTP-charged ScRabl that is 
released by ScGDI. 

The discovery of both GEF and GDF ac- 
tivity within the same polypeptide chain was sur- 
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Fig. 1, Rabi activation by SidMt involves GDI displacement and membrane insertion of ScRab1. (A) 
‘ScRab1 pull-down assay shows activity by SidM but not LidA. Bead-immobilieed SidM or LidA or 
‘uncoated control beads were incubated with ScRab1-ScGDI2 ttop panel) or EcRab2 (bottom panel), and 
Proteins on the beads (bound) or in the supernatant (unbound) were detected by immunoblot analysis 
using antibody against GDI2 or Rab1B. (B and C) For a [y-"°S]GTP incorporation experiment, we used 
2 pmol SidM and either 40 pmol ScRab1-ScGDI2 (B) or 20 pmol EcRab1 (0. [y-?°S]GTP incorporation 
was detected as the increase in radioactivity over time. (D) [y-"SIGTP incorporation by SidM (16 pmol) 


into a molar excess of ScRab1-ScGDI2 (10 pmol is accelerated in the presence of 


okine 


(PO Biposomes, The curves of nucleotide-exchange studies in the absence of PC vesicles are shown with 
another scale in the inset. () Protein association with PC vesicles during nucleotide exchange. ScRab1- 
‘ScGDI2 was incubated with PC liposomes in the presence or absence of SidM or GTP-y-S (as indicated). 
Liposomes were separated from soluble proteins by sucrose-gradient centrifugation, and proteins in the 
vesicle fraction were detected by immunoblot analysis. (F) Analysis of LidA association with PC vesicles 
previously incubated with ScRabl-ScGDI2 in the presence or absence of SidM and GTP-1-5 (as 
indicated) (A) to (F) represent at least two repetitions. 
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prising. Thus, we wanted to map the regions of 
SidM contributing to cach of these activities. 
Purified SidM variants with N- or C-terminal 
truncations (Fig. 2A and fig. $3) were analyzed 
for their ability to interact with EcRab!. Deletions 
‘exceeding amino acids 1 to 316 at the N terminus 
or residues 545 to 647 at the C terminus disrupted 
binding of SidM variants to EcRab! (Fig, 2B). In 
contrast, fragments containing amino acids 317 
to 545 bound EcRab! as efficiently as full-length 
‘SidM. Similar results were obtained in pull-down 
‘studies using EcRabl(S25N) (Fig. 2A), a GDP- 
locked mutant (29). Thus, the central region of 
SidM containing amino acids 317 to S45 was 
required for EcRab! binding. 

‘Similarly, we found that only SidM variants 
containing amino acid residues 317 to 545 asso- 
ciated with ScRabl (Fig, 2C). SeGDI2 did not 
precipitate with ScRabl on the beads and re- 
mained in the supematant (Fig. 2C), consistent 
with its exclusion from the complex of ScRab! 
‘bound to SidM variants, 

‘To identify the GEF domain, SidM variants 
with N- or C-terminal truncations were analyzed 
for their ability to mediate incomoration of 
{y-"SIGTP imo EeRabl, Only SidM fragments 
‘containing the entire region required for Rabl 
binding (residues 317 to $45) showed GEF ac- 
tivity equivalent to full-length SidM (Fig. 2D). 
Likewise, only those SidM variants that had 
GEF activity toward EeRabl catalyzed GDP. 
[y-°S}GTP exchange when incubated with 
ScRabl-ScGDI2, with efficiencies comparable 
to full-length SidM (Fig. 26). Thus, GDI dis- 
placement, Rabl binding, and nucleotide ex- 
‘change activity required the same central region 


We also characterized a SidM variant con- 
sisting of only amino acid residues 317 (0 545, 
Purified recombinant SidM(317-545) efficiently 
bound (o immobilized nonprenylated gluta 
‘one S-transferase (GST)-tagged EcRab| (Fig. 
3A), Similarly, SidM(317-545) was capable of 
dissociating ScGDI2 from ScRabl and dis- 
played ScRab1-binding activity comparable to 
that of full-length SidM (Fig. 3B), Furthermore, 
SidM(317-S45) efficiently catalyzed GDP- 
[yeSSIGTP exchange in both EeRab] (Fig. 3C) 
and SeRabl-ScGDI2 (Fig, 3D), Thus, the central 
region of SidM comprising amino acid residues 
317 to 545 was sufficient to mediate the activities 
‘of GDI displacement, Rab! binding, and nucleo- 
tide exchange. 

Both SidM and LidA efficiently interacted 
with Rabl and localized to the cytoplasmic sur- 
face ofthe LCV (20, 30), Nevertheless, only SidM 
was required for the recruitment of endogenous 
Rabl to LCVs (fig. $4) (20, 2/), Because SidM 
dissociated the ScRabl-ScGDI2 complex in vitro 
(Fig. 1A), we asked whether GDF activity al- 
lowed SidM to target the cytoplasmic pool of 
GDI-bound host cell Rab, and whether the lack 
‘of GDF activity in LidA prevented this effector 
from recruiting Rab! complexed by GDI. Thus, 
we tested whether the requirement for SidM 
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during Rab] recruitment to LCVs could be by- 
ppassed by LidA in the presence of Rabl(D44N) 
(fig. $5), 4 Rabl mutant in which Asn (N) re- 
places Arg (D) at residue 44 and that shares all 
features described for wild-type Rab but that is 
tunable to bind GDI (3/). The D44N substitution 
in Rab! did not interfere with LidA binding, as 
GST-Rabl(D44N) and GST-Rabl purified from 
E, coli were bound equally by recombinant LidA 
(Fig, 4A). When COS-1 cells producing green 
Auorescent protein (GFP}tagzed: Rab|(D44N) 
\were infected with L. pneumophila (Fig. 4,B and 
©), GFP-Rabl (D44N) was efficiently recruited 
to LCVs containing wild-type (44+ 8%) but not 
the type IV secretion-delective (TSS) strain 
Lp03 (12 + 3%), which indicated that GFP- 
Rabl (D44N) recruitment was dependent on a 
functional Dot-lem transporter. L. peumophil 

AvidM, which was defective for the recruitment 
‘of wilktype Rabl (20, 21), showed robust colo- 
alization with GFP-Rabl(D44N) (51 + 10%). 
This SidM-independent recruitment of GFP- 
Rabl (D44N) was mediated by LidA, as deletion 
of both sidM and lidA in L, pneumophil 
abrogated recruitment of GFP-RabI(D44N) to 
LCVs (17 + 7%). Thus, LidA binding in vivo 
‘was restricted to GDI-free Rabl, which explains 


Fig. 2. Domain mapping of SidN. (A) (Left) 
Schematic representation of SidM variants used in 
this study (numbers indicate amino acid residues). 
(Right) Summary of the experiments shown below 
in (B to E) indicating positive (+) or negative (-) 
‘outcomes. The central region between amino acid 
‘residues 317 and 545 (shaded blue) was found to 
‘be essential for all in vitro activities of SM (B and 
© Pull-down of EcRabi (B) or ScRab1-5cGDI2 (O 
bby bead-immobilized SidMt variants. Proteins bound 
to the beads or unbound in the supematant were 
detected by immunoblot analysis (using FLAG- 
specific or Rab18-specific antibody). The tane 
‘marked with an asterisk shows a 28.14D protein 
‘cross-reacting with an antibody [corresponding 
to the bait protein SidM(396~647)). (D and E) 
[y?SIGTP incorporation into (0) EcRab1 [(left) 
20 pmol, (right) 10 pmol] or (E) SeRab1-ScGDI2 
(20 pmol by SidM variants (2 pmo. Rabi proteins 
and SidM variants were incubated, and [y-"*SIGTP 
uptake by Rab1 proteins was determined as the 
increase in radioactivity over time. (B) to (E) rep- 
resent atleast two repetitions, 
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why release of GDI and recruitment of Rabl 
fiom the cytoplasmic pool required the GDF ac- 
tivity of SidM. The inability of LidA to extract 
Rabl from GDI indicated a hierarchy between 


Fig. 3. The central region of SidM is 
sufficient for GDI displacement, Rab1 
binding, and GEF activity. (A) Im- 
munoblot showing precipitation of 
Sidi(317-545) by GST-Rab1-coated 
beads but not by GST-bound contol 
beads. Lane marked with an asterisk 
shows a protein of 25 KO (corresponding 
‘to the bait protein GST) cross-reacting 
with the antibody. (B) ScGOI2 displace- 
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these two L. pneumophila effectors, presumably 
to ensure that Rab! recruited to the LCV was 
activated by SidM before its association with 
LidA, which assists in accumulating activated 
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ment and ScRabl binding by SidM 
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Variants (numbers indicate amino acid 
residues) or uncoated control beads, 
and proteins on the beads (bound) or 
in the supernatant (unbound) were 
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ing of LidA to bead-immobi 


B Legionella __Rabi(D44N) 


LidA can recruit GDI-free Rab1(044N) in the absence of SidM. (A) LidA can bind Rab1(D44N). 
GST-Rab1 or GST-Rab1(044N) but not GST was determined by 


505-polyacrylamide electrophoresis and Coomassie staining. The figure represents two repetitions, (B) 


Recruitment of GFP-Rab1(D44N) during L. pneumophila infection. Transiently transfected COS-2 cells 
producing GFP-Rab1(044N) were infected for 30 min as indicated. Cels were fixed and stained for 
intracellular bacteria (left). (Middle) GFP-Rab2(044N), (right) merged images with bacteria (red) and 
GFP-Rab1(D44N) (green). Arrows indicate the location of the LCV magnified threefold in the insets of 
‘each panel. Scale bar, 5 jim. Contrast was equally changed by linear adjustment. (© Quantification of 
(8) showing that recruitment of GFP-Rab1(D44N) in the absence of SidM requires LidA. The graph 
Tepresents pooled data (mean + SD) from four independent experiments. *P = 0.0001 (Student's ¢ test) 


Rab! about the LCV. Indeed, vacuoles contain- 3 
ing L. pneumophila AlidA showed delayed Rabl 
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recruitment compared with wild-type LCVs (20) 

SidM isa protein that has both GEF and GDF 
activity toward a Rab GTPase. This unique abil- 
ity of SidM to link GDI displacement to Rabl 
activation explains how the intravacuolar patho- 
‘gen L. pneumophila can efficiently exploit host 
cell Rab} even in the presence of GDI that natu- 
rally interferes with this process. The discovery of 
both GEF and GDF activity within SidM raises 
the intriguing possibility that eukaryotic GEF pro- 
teins may possess similar abilities to mente mam- 
brane delivery and activation of Rab GTPases 
during intracellular vesicle transport. 
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Rheb Activates mTOR by Antagonizing 
Its Endogenous Inhibitor, FKBP38 


Xiaochun Bai,’ Dongzhu Ma,* Anling Liu,* Xiaoyun Shen,* Qiming }. Wang,” 
Yongjian Liu,’ Yu Jiang** 


The mammalian target of rapamycin, mTOR, is a central regulator of cell growth, Its activity is 
regulated by Rheb, a Ras-like small guanosine triphosphatase (GTPase), in response to growth 

factor stimulation and nutrient availability. We show that Rheb regulates mTOR through FKBP38, a 
member of the FK506-binding protein (FKBP) family that is structurally related to FKBP12. FKBP38 


binds to mTOR and inhibits its activity in a manner similar to that of the FKBP22-rapamycin 
complex. Rheb interacts directly with FKBP3B and prevents its association with mTOR in a 
guanosine 5'-triphosphate (GTP)-dependent manner. Our findings suggest that FKBP38 is an 
endogenous inhibitor of mTOR, whose inhibitory activity is antagonized by Rheb in response to 
growth factor stimulation and nutrient availability. 


the mammalian target of rapamycin, mTOR, 

iS a scrine-threonine protcin kinase that 

controls a wide spectrum of cellular events 
jn response to various environmental cues, in- 
cluding stimulation by growth factors, changes 
{in nutrient conditions, and fluctuations in enerzy 
levels (/, 2). mTOR elicits its pleiotropic fune- 
tion in the context of two distinet multiprotein 


‘complexes termed mTOR complex | (mTORC1) 
and mTOR complex 2 (miTORC2) (3). Rapamycin, 
in complex with FBPI2 (an FKS06-binding pro 
tein), specifically interferes with mTORC1 func~ 
tion, and consequently, inhibits cell growth (4, 5). 

‘The major upstream regulators of mTORCI 
are the TSC and TSC2 tumor suppressors. The 
two TSC proteins form a complex that displays 
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‘8 guanosine triphosphatase (GTPase) activating 
protein (GAP) activity toward Rheb, a Ras-like 
small GTPase (6-8). Like other small GTPases, 
the activity of Rheb is dictated by its guanine 
nucleotide binding stakes: it is active in its GTP- 
‘bound form and inactive in the guanosine diphos- 
phate (GDP)-bound fon (9). The TSCI-TSC2 
‘complex stimulates the intrinsic GTPase activity 
‘of Rheb and, thus, negatively regulates Rheb 
function, Conversely, inactivation of the TSC1- 
‘TSC2 complex results in accumulation of GTP- 
‘bound Rheb, which activates mTORCI (/0, 11). 

FKBP3S8 (also known as FKBP8) belongs to 
the peptidyl prolyl cis/trans isomerase (PPlase) 
family of FKBPS. It contains a region, referred 
to.as the FBP-C domain, that is highly related 
to FKBPI2 (12). FKBP38 also has a trans- 
‘membrane domain at the very C terminus, Which 
is unique among all the FKBP proteins and is 
required for targeting it to mitochondria (/3, 14). 
‘We isolated FKBP38 in a yeast two-hybrid soreen 
designated to identify Rheb-interacting proteins 
(ig. $1) (/5). The potential interaction between 
Rheb and FBP38 in mammalian cells was con- 
firmed by coimmunoprecipitation of endogenous 
Rheb with FKBP38 from human embryonic kid- 
ney (HEK293) cell lysates (Fig. 1), Futhemore, 
purified bacterially expressed recombinant Rhieb 
sand FKBP38 interacted with cach other in. an in 
Vitro binding assay (Fig. 1B). The interaction of 
Rheb with FKBP38 appeared to be dependent on 
its nucleotide binding states, because Rheb loaded 
with GTP-7-S, a nonhydrolyzable GTP analog, 
‘guanosine S'-043"thiotriphosphate), exhibited 
‘much higher binding affinity twvard FKBP38 
than did GDP-bound or untreated Rheb (Fig. IC). 

In cells overexpressing FKBP38, insulin- 
stimulated phosphorylation was largely prevented 
for several downstream targets of mTORCI, in- 
cluding ribosomal protein S6 kinase (S6K),ribo- 
somal S6 protein ($6) and the eukaryotic initiation 
factor 4E-binding protein 1 (4E-BP1) (Fig. 2A 
and fig. $2) In contrast, FKBP38 overproduction 
hhad no detectable effect on phosphorylation of 
protein kinase Akt (Fig. 2A), The inhibitory effect 
‘of FKBP38 on mTORC! activity was reversed if 
Rheb was overexpressed, Which suggested that 
Rheb antagonizes FKBP38, Similar effects of 
FKBP38 overproduction on mTORCI activity 
‘were observed when cells deprived of amino acids 
‘were exposed to amino acids (Fig. 2B and fig. $2). 

In cells transiently transfected with FKBP38- 
specific small interfering RNA (siRNA) oligonu- 
cleotides, the amounts of FKBP38 were reduced 
by ~80% (Fig. 2C). Accompanying the decreased 
abundance of FKBP38 was an increase in mTOR- 
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dependent phosphorylation in both S6K and 
AE-BP1 but not of extracellular signal-regulated 
kinase (ERK) | or 2 (Fig. 2C). This effect on 
mTORCI activity appeared to be specific, be- 
cause a different FKBP38-specific SIRNA oli- 
‘gonucleotide produced a similar effect (fig. S3). 
In addition to the enhancement in mTORCI ac- 
tivity under normal growth conditions, decreased 


‘mTORCI inactivation in response to serum or 
amino acid deprivation (fig. S4), which indi 
‘cated thatthe affected cells were less sensitive to 
‘growth factor or nutrient limitation. The partial 
response of mTORC1 to changes in serum and 
‘nutrient conditions may result from the remain- 
ing FKBP38 in the cells. Alternatively, it may 
indicate the existence of FKBP38-independent 


abundance of FKBP38 also reduced the rate of mechanisms that regulate mTORCI, Collective- 
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Fig. 2. GTP-dependent interaction of Rheb with FKBP38. (A) Coimmunoprecipitation of FKBP38 with 
heb. Lysates from HEK293 cells were immunoprecipitated with antibody to FKBP3E (lanes 2 and 4) or 
control IgG (lanes 1 and 3). FKBP38 (top) and Rheb (bottom) in the precipitates were detected by 
immunoblotting. (B) Direct binding between Rheb and FKBP38 in vitro. Histidine-tagged Rheb (His- 
heb) was incubated with glutathione S-transferase (GST) or GST-tagged FKBP38 (GST-FKP38) followed 
by precipitation with glutathione beads. The precipitates were immunoblotted for His-Rheb (bottom), 
GST, and GST-FKBP3B (top), (C) GTP-dependent binding of Rheb with FKBP38. Untreated His-Rheb 
{lane 1) GTP-y-S-loaded His Rheb lane 2), and GDP-loaded His-Rheb (ane 3) were all incubated with 
GST-FKBP3E followed by precipitation with glutathione beads, The precipitates were immunoblotted for 
GGST-FKBP38 and His-Rheb. 
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Fig. 2. Inhibition of mTORC1 activity by FKBP38. HEK293 cells were transfected with hemagglutinin 
(HAY-tagged $6K along with (+) or without (-) Flag-tagged Rheb and HA-tagged FKBP3B as indicated. (A) 
Effect of FKBP38 on insulin-timulated phosphorylation. Cells were collected after being deprived of 
serum (0.5%) for 16 hours and treated with 100 nM insulin for 30 min. (B) Effect of FKBP38 on amino 
acid-stimulated phosphorylation. Cells were collected after being deprived of amino acids for 1 hour and 
then incubated with amino acids for 30 min. Rapamycin (20 nl) was added to the indicated samples 
30 min before the addition of insulin or amino acids. (C) Effect of FKBP38 depletion on mTORCL 
‘activity. HEK293 cells were transfected with FABP38-specifi (ane 2) or control (Lane 1) siRNA. Cells were 
harvested and lysed 60 hours after the transfection. The indicated proteins (right panels) and their 
phosphorylation (left panels) were detected by immunoblotting. (D) In vitro kinase assay of mTORC1. 
Endogenously expressed mTOR was immunopurified from HEK293 cell lysates with antibody to mTOR and 
assayed for activty toward recombinant GST—4E-8P1 in the presence (+) or absence (~) of the indicated 
agents. Phosphorylation was detected by immunoblotting using antibody to phospho-4E-BP1(T37/46), 
and quantified by densitometry from three independent experiments (top). 
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ly, the above findings demonstrate that FKBP38 
is negative regulator of mTORCI. 

FKBP38 inhibited the kinase activity of mTOR 
in a dose-dependent manner in vitro (Fig. 2D 
and fig. $5), and the extent of maximal inhibition 
‘was similar to that induced by the FKBPI2- 
rapamycin complex (Fig. 2D). Although rapa- 
mycin alone had no effect on kinase activity 
of mTOR, it augmented the inhibitory effect 


of FKBP38, which suggests that rapamycin may 
interact with FKBP38 and may increase its in- 
hibitory activity toward mTORCI. 
‘Coimmunoprecipitation revealed that FKBP38 
associated with the components of mTORCI, in- 
‘cluding mTOR itself, the GL protein and raptor, 
but not rictor, a unigue component of mTORC2 
(Fig. 3A), which suggests that FKBP38 targets 
mTORC! but not mTORC2. In adkition, the 
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Fig. 3. Control ofthe interaction between FKBP38 and mTOR by Rheb. (A) Association of FKBP38 with 
‘mTORC1. HEK293 cells were deprived of amino acids for 1 hour and then incubated with amino acids for 
30 min. Lysates were precipitated with antibody to FKBP38 or control IgG, and precipitates were blotted for 
the components of mTORC1 and mTORC2. (B) The FKBP38 binding domain in mTOR. Recombinant His- 
‘mTOR(1967-2191) or His-FRB domain of mTOR was incubated with GST or GST-FKBP38 followed by 
precipitation with glutathione beads. The precipitates were immunoblotted for GST (bottom, lane 2), GST- 
FKBP38 (bottom, lanes 2 and 3), His¢mTOR (1967-2191) and His-FRB (top, lanes 1 to 3), Asterisk denotes 
«a breakdown product of FKBP3B. (Effect of rapamycin onthe association of FKBP38 with mTOR. HEK293 
Cells expressing both myc-mTOR and HA-FKBP38 were treated with 20 nM rapamycin (lanes 2 and 4) or 
«drug vehicle (lanes 1 and 3) for 1 hour. Lysates were precipitated with antibody tomyc epitope. HA-FKBP38 
and myc-mTOR in the precipitates were detected by immunoblotting. (D) Effect of Rheb on the interaction 
‘of FKBP3B with mTOR, Recombinant His mTOR (1967-2191) and GST-FKBP38 were incubated together in 
the absence (lane 4) or presence of GDP-loaded His-Rheb (lane 5) or GTP-oaded His-Rheb (lane 6), 
{ollowed by precipitation with glutathione beads. The precipitates were immunoblotted for GST-FKBP38 
(bottom), His-mTOR(1967-2191) (top, top bands), and His-Rheb (top, lower bands). 


Fig. 4. Controlling interaction of FKBP38 
with mTOR by Rheb in response to serum 
stimulation and nutrient availabilty. HEK293 
cells were transfected with control vector or 
the indicated Rheb mutants and incubated 
for 24 hours. (A) effect of amino acid con- 
ditions on the interaction of FKBP38 with 
‘mTOR, Cells were deprived of amino acids 
(AA) for 1 hour (-) followed by readdition 
‘of amino acids for 30 min (+). (B) Effect 
‘of serum conditions on the interaction of 
FKBP38 with mTOR. Cells were serum de~ 
prived (0.5% serum) for 16 hours, fol- 
lowed by treatment with 20% serum for 
30 min (+) or no treatment (-). Lysates 
(input) were precipitated with antibody to 
FKBP38. The presence of endogenous 
FKBP38, mTOR, and ectopically expressed 
Rheb in the precipitates was detected by 
immunoblotting. 
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association of FKBP38 with mTORC! speared 
to be regulated by nutrient conditions, because the 
association was increased in cells deprived of 
amino acids. 

Rheb associates with mTOR through a region 
{amino acids 1967 to 2191) that overiaps with the 
FBP12-rpamycin binding (FRB) domain (amino 
‘acids 2015 t0 2114) (6), We tested the possibility 
that the association was mediated through FKBP38. 
Indeed, a recombinant peptide containing amino 
acids 1967 t0 2191 of mTOR interacted directly 
with FKIBP38 in an in vitro assay (Fig. 3B). On 
the other hand, no direc interaction was detected 
‘between Rheb and this FKBP38 binding (FKB) 
domain of mTOR (fig. $6). Deletion analysis of 
FKBP38 further revealed that its FKBP-C do- 
main, a region highly similar to FKBP12, was 
sufficient for mTOR binding, which suggested 
that FKBP38 may bind to mTOR in a manner 
similar to that of the FKBP12-rapamycin com 
plex (fig. S7B), In support of this, we found that 
the FKBPI2. ‘complex competed with 
FKBP38 for mTOR binding in vito (fig. $8), and 
rapamycin reduced the association of FKBP38 
with mTOR in cells (Fig. 3C), 

The interaction of FKBP38 with the FB 
domain of mTOR appeared to be regulated by 
Rheb in a GTP-tependent manner, because the 
interaction was unaffected by the presence of 
‘GDP-bound Rheb but was abolished by the pres- 
cence of the same amount of GTP-bound Rheb 
(Fig. 3D). The dissociation of FKBP38 fiom the 
FB domain of mTOR was also accompanied 
by its binding to Rheb, which suggested that the 
interaction with Rheb interfered with FKBP38 
binding to mTOR. 

Because Rheb activity is regulated by growth 
factor and nutrient conditions (6, 17, 18), we 
‘examined whether Rheb controlled the interac- 
tion between endogenous FKBP38 and mTOR in 
«4 growth factor- and nutrent-dependent manner. 
FBP38 interacted with mTOR in cells deprived 
‘of amino acids, and the interaction was reduced 
‘when amino acids were restored (Fig. 4A). Over 
‘expression of wild-type Rheb also reduced the 
interaction of FKBP38 with mTOR in cells de~ 
rived of amino acids, and the interaction was 
further diminished when amino acids were re- 
stored. Accompanying the amino acid-induced 
decrease in the interaction of FKBP38 with 
mTOR was an increase in the binding of Rheb 
with FKBP38, which suggested that Rheb pre- 
vented FKBP38 from binding to mTOR in re- 
sponse to amino acid availability. 

Rheb mutants, including an active allele, 
Q64L, in which leucine replaces glutamine at 
residue 64, and two inactive alleles, S20N and 
DEOK. (in which asparagine replaces serine at 
residue 20 and lysine is substituted for aspartic 
acid at residue 60), are defective for nucleotide 
binding, which renders the mutants largely in- 
sensitive to the GAP activity of the TSC1/TSC2 
complex (19, 20). In cells expressing the Q64L 
mutant, the interaction of FKBP38 with mTOR 
was barely detectable, regardless of the availablity 
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‘of amino acids, whereas the interaction of the ex- 
pressed Rheb mutant with FKBP38 was strong 
(Fig, 4A and fig. $9). Despite this, the latter inter- 
action was partially sensitive to amino acid starva- 
tion, consistent with previous finding that the 
‘Q6L mutant retains. limited response to the GAP 
activity of the TSCI/TSC2 complex (20). In con- 
trast, in cells expressing the S20N mutant, lithe 
Rheb was bound to FKBP38, and the interaction 
of FKBP38 with mTOR was strong and largely 
insensitive to changes in amino acid conditions. 
These observations indicate that these Reb 
‘mutants block the amino acid-dependent regu 
lation of the interaction between FKBP38 and 
‘mTOR, which suggests that amino acid con- 
ditions control the interaction of FKBP38 with 
mTOR through Rheb, 

‘The eflgct of D6OK on the interaction of 
FKBP38 with mTOR was similar to that of S20N. 
However, despite its filure to bind nucleotide 
and a low expression level (/9), the D6OK mu- 
tant interacted with FKBP38 more strongly than 
did wildtype Rheb, and the interaction was in- 
sensitive to changes in amino acid conditions. 
This observation suggests that the Asp to Lys (D 
‘to K) substitution at position 60 conters to Rheb 
4 higher affinity for FKBP38 but impedes its 
action to release mTOR from FKBP38, The fact 
that the D60K mutant binds strongly to FKBP38 
‘but does not displace it from mTOR interaction 
suggests that the binding of FKBP38 with Rheb 
and that with mTOR are not mutually exclusive. 

lls deprived of serum also showed increased 
interaction between FKBP38 and mTOR that 


was prevented by serum repletion or overex- 
pression of wild-type Rheb (Fig. 4B), Similarly, 
‘overexpression of active Rheb mutant (Q64L) 
‘or inactive Rheb mutants (S20N and D6OK) ren- 
dered the interaction of FKBP38 with mTOR 
insensitive to changes in serum conditions, which 
suggests that the interaction was regulated by 
heb in response to serum conditions. 

‘The ability to bind and inhibit mTOR activity 
in the absence of rapamycin establishes FKBP38 
‘san endogencus inhibitor of mTOR. Under ami- 
‘no acid or serum starvation this mTOR inhibitor 
binds and interferes with mTORC! function in a 
‘manner similar to that of the FKBP12-rapamyecin 
‘complex. [n response to growth factors or amino 
acid availability, Rheb prevents the interaction 
of FKBP38 with mTOR in a GTP-dependent 
manner, which leads to mTORC! activation 
This mechanism for the action of Rheb on mTOR 
is consistent with evidence that active Rheb 
associates less with mTOR than does the inactive 
form (/6). In addition to mTOR, FKBP38 
associates with Bd-2 and calcineurin (14, 21). It 
is thus possible that Rheb may also control Bcl2- 
dependent apoptosis and. calcineurin<dependent 
transcription through FKBP38, 
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Magnetic Resonance Spectroscopy 
Identifies Neural Progenitor Cells in 
the Live Human Brain 
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‘The identification of neural stem and progenitor cells (NPCS) by in vivo brain imaging could have 
‘important implications for diagnostic, prognostic, and therapeutic purposes. We describe a 
metabolic biomarker for the detection and quantification of NPCs in the human brain in vivo. We 
‘used proton nuclear magnetic resonance spectroscopy to identify and characterize a biomarker in 
which NPCs are enriched and demonstrated its use as a reference for monitoring neurogenesis. To 
detect low concentrations of NPCs in vivo, we developed a signal processing method that enabled 
the use of magnetic resonance spectroscopy for the analysis of the NPC biomarker in both the 
rodent brain and the hippocampus of live humans. Our findings thus open the possibility of 
investigating the role of NPCs and neurogenesis in a wide variety of human brain disorders. 


he adult mammalian brain retains the abil- 
ty to generate new neurons. These neurons 

‘are produced from neural stem and pro- 
genitor cells (NPCs), which reside in the hippo- 
‘campuis and the subventricular zone (I-4). NPCs 
possess the ability t selfrenew and also to 
‘Renerate progeny that can give rise to mature cell 
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types. The ability of NPCs to produce neurons, 
astrocytes, and oligodendrocytes in vitro and in 
vivo mises the prospect of hamessing them 10 
repairnerve tissue damaged or lost to neurological 
disease or tauma (/, 2, 4). The realization of the 
curative potential of NPCs would benefit fom the 
development of methods that would enable their 
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identification and tracking in vivo. Currently, pos 
iron emission tomography, singlephoton com- 
puted tomography scanning, and magnetic 
resonance imaging (MRI are being examined 
toward this goal (5-7) These technologies require 
NPCs to be preloaded ex vivo with radiolabeled 
agents or supesparamagnetic iron oxide-based 
derivatives, and therefore are not applied for the 
detection of endogenous NPCs in the human 
brain, We used proton magnetic resonance spec- 
trosopy (H-MRS) to overcome the above limita 
tions and to detsct NPCs in the live human brain. 

Proton nuclear magnetic resonance spectros- 
copy ('H-NMR) has been widely used for in 
vitro detection of low quantities of known metab- 
lites and the identification of unknown com- 
‘pounds present in body fluids oF tissues in vitro 
(8). 'H-NMR can identify metabolites that are 
specific for neurons {such as N-acetyl aspartate 
(NAA)] or glia [such as choline (Cho) and 
mycinositol (mf)], and these compounds have 
been used as reliable biomarkers of the come- 
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sponding cell types in isolated tissue samples. 
However, 'H-NMR cannot be used to analyze 
‘metabolites in live organisms: instead, its come- 
late, 'H-MRS, is used 1 provide information 
about the metabolic status of a tissue in vivo (9), 
‘These two techniques complement each other 
‘when physiological or pathological states are 


investigated (0-12) Thus, we decided to search 
foe NPC-specific metabolites using 'H-NMR and 
then to exploit the information about these 
metabolites for detecting NPCs in the live brain 
using 'H-MRS. 

To identify unique features in the spec- 
troscopic profile of NPCs, we compared the 
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Fig. 1. The 1.28-ppm biomarker identifies NPCS. (A) Spectral profiles of cultured neural cell types: NPCS, 
‘neurons, oligodendrocytes, and astrocytes. Dotted lines outline the 1.28-ppm NPC peak, NAA (2.02 ppm), 
‘and Cho (3.23 ppm). Arrowheads denote lactate doublets (1.33 ppm). Spectra are not of equal scale. (B) 
Bar graphs show quantification ofthe 1.28-ppm biomarker (top), NAA (middle), and Cho (bottom) (2.5 x 
10° cells each, n = 3 experiments per group, done in tripticate samples per experiment). N, neurons, O, 
‘oligodendrocytes, A, astrocytes. (C) Quantification of the 1.28-ppm biomarker shows correlation of the 
‘number of NPCS and the 2.28-ppm signal amplitude (n = 3 experiments per data point, done in tripicate 
‘samples per experiment). (D) Quantification ofthe 1.28-ppm biomarker in proliferating cells: NPCs, ESCs, 
'5PCS, OPCs, macrophages (Me), Tlymphocytes (10, and microglia (MG) (1x 10° each, n = 3 experiments 
‘per group, done in triplicate samples per experiment. For all figures, quantification was done with the 
‘SvD-based method; bar graphs represent mean + SEM: *, P< 0.05;**, P<0.01; *™*, P< 0.001. Detailed 
statistics are provided in the supporting online material. 
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"H-NMR spectra of NPCS from embryonic mouse 
‘brain tissue cultivated as neurospheresin vitro (/3) 
with the spectra of cultured neurons, astrocytes, 
‘and oligodendrocytes (Fig. 1A), The NPC spectra 
demonstrated a unique profile, including a prom- 
nent peak at the frequency of 1.28 parts per 
million (ppm), which was not observed in other 
ricural cell types (Fig, 1A), Quantification of the 
selected signal amplitude confirmed that NPCs 
were strongly enriched in the 1.28-ppm bio- 
marker as compared to other cell types, whereas, 
as expected, NAA (2.02 ppm) was predominant 
in neurons and Cho (3.22 ppm) in astrocytes (Fig. 
1B), Small amounts of NAA and Cho were also 
observed in NPCs, most likely reflecting the 
presence of neuron- and astrocyte-committed 
[progenitors in the neurospheres. The 1.28-ppm 
biomarker was detected, o a lesser degree, in our 
oligodendrocyte preparation, perhaps due t the 
presence of oligodendrocyte progenitor cells 
(OPCs; also see Fig. 1D) within the primary 
cultures analyzed. The amplitude of the 1.28-ppm. 
‘signal on the 'H-NMR spectra was proportional to 
the number of NPCs taken for analysis (Fig. 1C); 
this lincar correlation indicated that itis possible to 
‘quantitatively account for NPCS based on the 
amount of the 1.28-ppm 'H-NMR signal, 

‘To further examine the specificity of the 1.28- 
ppm biomarker, we compared the 'H-NMR spec- 
troscopic profile of NPCs with the profiles of 
‘embryonic stem cells (ESCs), cells of the hair 
follicle- derived sphere cultures (SPCs) (/4), OPCs, 
and other types of cells that may be present in 
the brain, such as macrophages, T lymphocytes, 
‘and. microglia, The 1.28-ppm biomarker was 
detected in ESCs, SPCs, and OPCS at sig- 
nificantly lower levels than in the NPCs and 
was near or below the detection limit in the 
resting macrophages, T lymphocytes, and miorog- 
lis (Fig. 1D). We also performed experiments 
‘with cultured neurospheres derived from brains of 
transgenic mice expressing green fluorescent 
protcin (GFP) under the control of nestin. gene 
regulatory elements (/3), Nestin-GFP neuro 
spheres were dissociated and cells were sorted on 
the basis of GEP expression levels by means of 
fluorescence-activated cell sorting (fig. $2). NPC- 
enriched GFP-expressing, cell populations con- 
‘tained higher levels of the 1.28-ppm biomarker 
than did GFP-negative cels (fig. $2), Together, 
these experiments indicate that progenitor ces of 
different origin (but each with neural potential) 
‘express the 1.28-ppm biomarker: that among the 
panel of tested cells, NPCs have the highest level 
of the biomarker, and that neither postmitotic 
differentiated cells nor cells without progenitor 
properties express the biomarker 

If the presence of the 1.28-ppm biomarker 
correlates with the progenitor status of cells, the 
levels ofthis biomarker should decrease as cells 
differentiate in vitro or in vivo, whereas the levels 
of the biomarkers of differentiated cells should 
increase. We cultivated neurospheres under 
conditions that promote their neuronal and 
astrocytic differentiation and analyzed their 'H- 


SCIENCE VOL 318 9 NOVEMBER 2007 


981 


Bl eceor's 


982 


NMR spectra. The levels of the 1.28-ppm 
biomarker decreased, whereas the levels of the 
‘neuronal biomarker NAA and astrocytic bio- 
‘marker Cho inereased after several days of cul- 
tivation (Fig. 2A). We next compared the spectra 
of cells isolated from the mouse brain at 
embryonic day 12 (E12), when neurogenesis 
‘begins, andl at postnatal day 30 (P30), when most 
of the cells in the brain have already dif- 
ferentiated. The levels ofthe 1.28-ppm biomarker 
‘were significantly reduced, whereas the levels of 
biomarkers of differentiated cells were signifi- 
cantly elevated, in the postnatal adult brain as 
‘compared to the embryonic brain (Fig. 2B). 

We next examined whether neurogenic re- 
gions of the adult brain are enriched in the 1.28- 
ppm biomarker. We compared the 'H-NMR 
spectra of cells isolated from the adult mouse 
hhippocampus, where continuous neurogenesis 
takes place, and from the cortex, where neuro- 
‘genesis is not detected (/, 2, 15). A significantly 
higher amount of the 1.28-ppm biomarker was 
‘observed in the adult hippocampus as compared 
to the cortex (Fig. 2C), providing additional 
evidence that the presence of the 1.28-ppm bio- 
‘marker correlates withthe presence of NPCs. We 
then analyzed whether changes in the levels of 
the 1.28-ppm biomarker correlate with dynamic 
changes in adult neurogenesis, Neurogenesis in 
‘theadult mammalian hippocampus is sensitive to 
wide range of stimuli, including electrocon- 
-vulsive shock (ECS)(16-2/), We applied ECS to 
adult mice and assessed cell proliferation using 
‘bromodeoxyuridine (BrIU) incorporation in the 
subgranular zone of the dentate gyrus and mea- 
sured levels of the 1.28ppm biomarker using 
"H-NMR. The number of BriU-immunoreactive 
cells was significantly increased in ECS-treated, 
‘as compared to control sham-operated, animals, 
demonstrating the effectiveness of the procedure 
(Fig. 2D). The levels of the 1.28-ppm biomarker 
in the preparation of cells from the hippocampus 
were also significantly increased after ECS (Fig. 
2D), Together, our results with the cultured NPCs 
and with the developing and adult animal brain 
demonstrate that the amount of 1.28-ppm bio- 
‘marker correlates with neurogenesis and suggest 
that changes in neurogenesis ean be analyzed 
using the 1.28-ppm biomarker as a yalid ref 
‘erence for NPCS, 

‘We next sought to characterize the chemical 
nature of the 1.28-ppm biomarker. A specific 
g70up ofresonaneesin the 0 2 ppm range ofthe 

H-NMR is thought to arise from macromole- 
cules and the fatty acyl chains of tiacylgl yeerides 
and cholesterol esters found in free-floating 
‘mobil lipids in the cytoplasm and in unrestricted 
lipid microdomains near the plasma membrane 
(22). Proton chemical shift comrelation spectros- 
copy of NPCs showed that there was a/-coupling 
partner for the 1.28-ppm biomarker at0.8 ppm, as 
‘would be expected for a fatly acid containing 
‘methyl (-CHL) groups on the same molecule (fig. 
‘$3 and Fig, 1A), The notion that the 1.28-ppm 
biomarker corresponds to lipids was also 
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supported by a decrease in the 1.28-ppm signal 
amplitude when neurospheres were tated with 
cerulenin, an inhibitor of fatty acid synthesis (Fig. 
2E), To further examine whether the 1.28-ppm 
biomarker contains lipids, we analyzed the 
'HANMR spectra of NPCs extracted with a 
chloroform methanol mixture. The 1.28-ppm bio- 
marker was mainly present in the chloroform 


fraction, which is suggestive ofa lipid metabolite 
(Fig. 2G), Indeed, it overlapped with some of the 
specific futty acid spectra, most closely with the 
spectra of saturated fity acids (SFAs), such as 
‘palmitic acid, and of monounsaturated fatty acids 
(MUFAs), such as oleic acid (Fig. 2G), The 
spectra of polyunsaturated fatty acids (PUFAS), 
such as arachidonic acid, which resonate in the 
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Fig. 2. Analysis of the specificity and molecular composition of the NPC biomarker using *H-NMIR. (A) 
Quantification of NPC, neuronal (NAA), and glial (Cho) biomarkers during in vitro differentiation, at 0,2, 
and 5 days (D) after neurosphere plating (1.x 10° cells per time point, n= 3 experiments per time point, 
done in triplicate samples per experiment). (B) Quantification of NPC, neuronal (NAA,) and gtal (mi) 
biomarkers in whole-brain homogenates at £12 and P30 (1 x 10° cells per time point, n = 3 experiments 
per time point, dane in triplicate samples per experiment). (C) Quantification of the NPC biomarker inthe 
dissociated adult mouse cortex (CTX and hippocampus (HIPP) (1 x 20° cells per group, n = 3 experiments 
peer group, done in triplicate samples per experiment. (D) ECS increases both the number of BrdU- 
‘immunoreactive cells (n = 3 experiments; P< 0.02) and the 1.28-ppm biomarker (n = 3 experiments; 
 <0.05) in the mouse hippocampus. (E) The 1.28-ppm biomarker diminishes while Cho increases 
‘upon blockade of fatty acid synthesis with cerulenin (CRU) (n = 3 experiments per group, done in 
triplicate samples per experiment, P < 0.002). (F) FAS and MUFAs are more abundant in NPCs than in 
astrocytes (n = 1). (G) The 2.28-ppm biomarker belongs to a chloroform (CCID) and not methanol 
(0D) fraction. It overlaps with SFAS and MUFAs rather than PUFAS. 
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1.3-to L4-ppm range, did not overlap (Fig. 2G). 
Using gas chromatography, we sought to separate 
‘and quantify specific fatty acids in NPCS and 
‘compare them to those found in astrocytes. There 
‘was a higher concentration of SFAs and MUFAs 
than of PUFAs in NPCs, but not in astrocytes 
(Fig, 2F), Together, our results suggest that the 
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1.28-ppm biomarker is most likely a mixture of 
lipids that include SFAs and/or MUFAs. 

Wenext addressed the possibility of using the 
[NPC biomarker for in vivo brain imaging. Using 
9.4-T micro MRI (mMRI) scanner, we obtained 
adult rat spectra of the hippocampus, where en- 
dogenous NPCs reside, and the parietal comtex, 


1.209 Ample (0%) 


1 2tppm-cr Ampttude 


Fig. 3. Identification of NPCs in the rat brain in vivo, using mMRI spectroscopy. (A) imaging of 
endogenous NPCs. Voxels are placed along the hippocampus (HIPP) and in the cortex (CT. In the 
hippocampus, the 1.28-ppm biomarker (red) is evident when SVD-based signal processing is performed 
(colored peaks) but not when Fourier transform is done (insets). n the cortex, the 1.28-ppm biomarker is 
riot detected by either data analysis. Colored asterisks and peaks correlate. Bar graphs show absolute (top) 
and relative (bottom) quantification of the 1.28-ppm biomarker (n = 4 experiments, P < 0.05). (B) 
Imaging of transplanted NPCS. Voxels are placed in the area of NPC transplant (NT; 5 x 10° NPCsin 5 ulof 
saline) and saline injection (ST; 5 0. Inthe NT site, the 2.28-ppm biomarker (red) is observed with both 
Fourier transform and SVD-based signal processing. In the ST site, no significant 1.28-ppm signal is 
‘observed. Bar graphs show absolute (top) and relative (bottom) quantification of the 1.28-ppm biomarker 
(n= experiments; P< 0.05). (C and D) Imaging of endogenous NPCs after ECS. Vorels are placed along 
the hippocampus in control (ECS-) and ECS-treated (ECS+) adult rats (Q. Quantification of the 128-ppm 
biomarker (©) n= 4 experiments, P< 0.05] and the number of BrdU-immunoreactve cells in the dentate 


gyrus ofthe same animal [(0) 
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= 4 experiments, P < 0.01] indicates linear correlation (E). 
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where dividing NPCs are undetectable (Fig. 3) 
Traditions! Fourier transform signal processing 
was unable to distinguish the 1.28-ppm biomark- 
ce in the hippocampus from background noise 
(Fig. 3A, insets), most likely due to a low NPC 
density in the adult rat hippocampus. Therefore, 
we developed a more sensitive signal-processing 
algorithm in order to isolate the signal of the 
1.28-ppm biomarker from the noise within the in 
vivo 'H-MRS spectra. We used singular value 
decomposition (SVD), which permits improved 
detection at low signal-to-noise ratios and allows 
better resolution of signal components (modes) 
that are close to one another in a given frequency 
domain (23-25), Based on SVD signal process- 
ing, we developed an algorithm that enables 
detection of the 1.28-ppm biomarker in the adult 
rat hippocampus in vivo (Fig. 3A, red peak), 
Absolute quantification of the 1.28-ppm_bio- 
‘marker was achieved by estimating the amplitude 
‘of the 1.28-ppm signal, whereas relative quan- 
tification was achieved by ratiometric analysis 
with the creatine (Cr) signal amplitude as a 
denominator, Both quantification methods are 
established as reliable indicators of a given co 
centration of metabolite (26). A large difference 
\was observed when the absolute quantities of the 
1.28-ppm biomarker were compared between the 
hippocampal and cortical spectra; this was paral- 
Jeled by the ratiometric quantification, which con 
firmed that the hippocampus was highly enriched 
in the 128-ppm biomarker as compared to the 
‘contex (Fig, 3A). 

‘We also transplanted NPC’ into the left cor- 
tical hemisphere of the adult rat brain and in- 
jected an equal volume of saline into the control 
right hemisphere, 'H-MRS data were obtained 
for both hemispheres from voxels of the same 
size, centered on the injected areas (Fig, 3B). 
Both Fourier transform (inset) and SVD-based 
signal processing (colored peaks) clearly detected 
the 1.28-ppm biomarker in the spectra of the 
experimental site containing NPCs (Fig. 3B). 
Both the direct quantification and the ratiometric 
analysis demonstrated that the signal in the hem 
sphere with the injected NPCs was more than 
times greater than that in the corresponding re 
gion of the control cortical hemisphere (Fig. 3B). 

Furthermore, to detect changes in the density 
‘of endogenous NPCs in vivo, we treated adult 
rats with ECS, Five days afler the treatment, we 
injected BrdU to label dividing cells and ana- 
lyzed the ECS-treated and sham-operated con- 
trol animals the next day. Quantification of the 
1.28-ppm:Cr signal amplitude ratios in the hip- 
pocampus showed a significant increase of the 
1,28-ppm biomarker in ECS-treated rats as com 
pared to sham-operated controls (Fig. 3C). To 
validate the spectroscopic findings, we quantified 
the number of BrdU-immunoreactive cells in the 
hippocampus of the same animals (Fig. 3D). A 
significant increase in the number of BriU- 
immunoreactive cells in ECS-treated rats ascom- 
pared to sham-operated controls. demonstrated 
that, as expected, ECS increased NPC prolifer 
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tion. Moreover, in the ECS-eated animals, we 
found a correlation between the number of BrdU 
immunoreactive cells and the 1.28-ppm:Cr signal 
amplitude ratio in the hippocampus of the same 
animal Fig, 3E). Together, these data indicate that 
'HEMRS can be used to detect and measure 
changes in the density of endogenous NPCS in vivo. 

We then proceeded withthe identification of 
‘endogenous NPCs in the human brain. Brain 
"H-MRS was performed on healthy adults, 
using a 3-T MRI scanner and SVD-based signal 
processing (Fig. 4A). An experimental voxel 
‘was placed along the length of the hippocam- 
‘pus, While a control voxel of the same volume 
included gray and white matter of the ipsilateral 
parietal cortex (Fig. 4A), The Fourier transform 
did not reveal the 1.28-ppm biomarker (inset) in 
any of the voxels (Fig. 44), However, the SVD- 
‘based analysis (colored peaks) clearly detected 
the 1.28ppm biomarker in the hippocampal 
spectra, indicating that this methodology can be 
used to identify endogenous NPCs in the human 
bbmain (Fig, 4A), For each person, we found a 


Fig. 4. Identification of 
NPCs in the human hip- 
pocampus in vivo, using 
H-MRS, (A) Voxels are 
placed along the hippo 
‘campus and inthe cortex, 
Inthe hippocampus, the 
1.28-ppm_ biomarker 
(red) is evident. when 
‘SVD-based signal pro- 
cessing is. performed 
but not when Fourier 
transform fs done. In the 
corte, the 1.28-ppm bio- 
marker isnot detected by 
either data analysis. Cok 
fred asterisks and cok 
cored peaks correlate. Bar 
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cortex; LH, left hippo- 
‘campus; RH, right hippo- 
campus; = 5 people; P< 
0.01 and P <0.05, respec- 
tively). (8) Quantification 
of the 1.28-ppm_bio- 
marker in the adult hu- 


‘mnjor difference between the hippocampus and 
the cortex when using cither absolute or ratio- 
‘metric quantification of the 1.28-ppm biomarker, 
indicating that both can be applied to indirectly 
measure NPC density in the human hippocam- 
pus. No difference in the level of the 1.28-ppm 
biomarker was observed when the left and right 
hippocampi were compared (Fig, 4A). Further- 
more, when we imaged the left hippocampus of 
the same people after a 3-month period during 
which there was no major change in their daily 
routine, no difference was observed in the 1.28- 
ppm biomarker (Fig. 4B). Finally, we analyzed 
the age-related changes in the 1.28-ppm_bio- 
marker during human development by imaging 
people of varying ages: preadolescents, adoles- 
cents, and adults. Quantification of the 1.28-ppm 
biomarker revealed a decrease in the 1.28-ppm 
signal amplitude (Fig. 4C), which is compatible 
with data demonstrating age-related decrease in 
neurogenesis in animals (27) 

In our work, we identified a spectroscopic 
biomarker of NPCs, developed a methodology 10 
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detect this biomarker in the live brain, and dem- 
‘onstrated the use of the biomarker for identifying 
NPCS in the live human brain, The NPC bio- 
marker could be readily detected in vitro with 
"H-NMR, but its detection at low concentrations 
in the live brain with 'H-MRS required the 
development of more refined methodology. Our 
SVD-based signal processing proved to be 
superior to the traditionally used Fourier trans- 
form and can now be applied in a variety of 
imaging settings where low levels of a particular 
metabolite preclude its reliable detection in vivo, 

Our results suggest that the NPC biomarker, 
represented by a 1.28-ppm spectral peak, is a 
complex mixture of saturated and/or mono- 
unsaturated fatty acids and related compounds, 
‘The functional relevance of these molecules for 
the control of proliferation and differentiation of 
NPCs remains to be elucidated. 

Finally, cur data on humans. provide in vivo 
imaging evidence for NPCS in the human hippo- 
‘campus. These findings support the numerous 
data demonstrating continuous neurogenesisin the 
dentate gyrus (7, 2, 28) We also demonstrated 
that in humans the presence of the NPC biomarker 
in the hippocampus dramatically decreases with 
age. Although a decrease in neurogenesis has been 
reported in aging mammals these anc the first data 
from the living human brain that indicate a 
‘decrease in NPCs during brain development from 
childhood to adulthood, More generally, this 
biomarker can be applied to track and analyze 
‘endogenous or transplanted NPCS, 10 monitor 
neurogenesis in a wide range of human neurolog- 
‘cal and psychiatric disorders, and to evaluate the 
efficiency of therapeutic interventions 
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Sex-Linked Genetic Influence on 
Caste Determination in a Termite 


Yoshinobu Hayashi,” Nathan Lo,’ Hitoshi Miyata,’ Osamu Kitade** 


The most ecologically successful and destructive termite species are those with both a nymph caste and 
an itreversibly wingless worker caste. The early developmental bifurcation separating these castes is 
Widely accepted to be strictly environmentally determined. We present evidence that genotype also 
influences this process. Offspring from four different crosses of nymph- and worker-derived secondary 
‘reproductive individuals had strongly differentiated caste and sex ratios, despite uniform rearing 
conditions. These data fit an X-linked, one-locus-two-allele model. Of five possible genotypes, one was 
lethal, two resulted in workers, and two resulted in either nymphs or environmentally determined workers. 
Caste is thus controlled both by environment and by a complex genetic inheritance pattern, 


characterized by the differentiation of eolo- 
ny members into cither reproductive oF 
sterile individuals (/), Kin selection theory pre- 
dicts that caste results from environmentally 
induced differences in gene expression from a 
{otipotent genome (2, 3), prediction supported by 
‘empirical studies of hymenopteran social insects 
(bees, ants, wasps) (4, 5). Although genetic 
dotermination of hymenopteran queen and worker 
castes has been documented (6-11), these are 
exceptions resulting from hybridization, thelyto- 
‘ous parthenogenesis (asexual production of 
female offspring), and dimorphic queens. In 
termites, the reproductive and worker castes ane 
hypothesized to be determined entirely by extrin- 
sic factors, primarily pheromones (2-14). 
Termites (Blataria: Isoptera) are @ cusocial 
form of cockroach (/5). In >80% of species, a 
bifurcation oceurs early in development (Fig. 1). 
‘The vast majority of offspring (both femnale and 
‘miale) enter the functionally sterile, irreversibly 
‘wingless worker pathway (/3, 16). Altemative- 
ly, some offspring develop wing buds and enter 
the nymphal pathway, which leads to the alate 
(primary reproductive) caste. In the absence of 
the queen andior king, some individuals (termed 
neotenics) take over the role of reproduction 
hile retaining juvenile characteristics (13). In- 
breeding within the colony is thus common in 
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termites. Neotenics may arise from the nymphal 
andior the worker pathway and are, respectively, 
termed nymphoids (with wing buds) and engatoids 
(without wing buds) (Fig. 1). Workers, although 
Functionally sterile, therefore retain the ability 10 
‘ccasionally become fertile in some species 

We isolated nymphs and workers from 
reproductive individuals, producing female (tf) 
‘and male (m) nymphoids (N) and ergatoids (E) 
from three distinct colonies of Reticulitermes 
speratus, We crossed them (ie., fNmN, FNME, 
TEmE, fEmN) as described (/7). Each mated 
pair was placed with $0 female workers from an 


[larva 
nymph 


|: nymphoid 
A: alale 


ce 
egg 


Ow 
DLO 


independent, unrelated fourth colony 0 promote 
egg production. Eges were removed daily and 
raised by SO male workers ftom the fourth 
colony to identify environmental and genetic in- 
Auences on developmental bifurcation (Fig, 1). 
The sex and caste of third-instar offspring were 
determined, as were survival rates. Inthe absence 
‘of a male reproductive, R. speranus females can 
reproduce parthenogenetically via thelytokous 
automixis, resulting in homozygous female 
nymph offspring (/8-20). Therefore, we also 
‘examined the development of parthenogenetic 
‘offspring from single parents of types PN and FE. 

Among replicates of a particular pair type, 
offipring caste and sex ratios were similar, re- 
gandless of whether they were outbred or inbred 
(17). No significant differences among offipring 
types were found with Fisher's exact test (fNmN, 
P=0,30(n= 7). EME, P= 0.11 (= 4); FEMN, 
P= 0.54(n~ 7)], with the exception of fNmE 
(P= 0.02), where 1 of 5 replicates had slightly 
more famale workers, although the pattem was 
similar t the other 4 replicates (P= 0.10 upon 
‘exclusion of the female worker-skewed replicate). 
Therefore, we pooled our data for comparisons 
withthe other treatments. 

Al offspring of parthenogenetic ON and FE 
ware female, and almost all differentiated into 
nymphs (100% and 99%, respeaively) (Fig, 2). In 
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‘wing bud development — 


juveniles <—~ —» adults 
Wingless 
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w: worker 
E: ergatoid 
s: soldier 


Fig. 1. Caste developmental pathways of Reticulitermes spp. (13). Termites are diploid and 
hhemimetabolous; larvae of each sex follow either the worker pathway, in which individuals remain 
irreversibly wingless, or the nymphal pathway, leading to the alate form. Arrows indicate motts; dotted 
arrows indicate occasional malts to neotenic nymphoids or ergatoids, which may reproduce in the absence 
ofthe queen and/or king. Workers undergo stationary molts after ws, Soldiers are derived from wg and Ws. 
Ergatoids arise from all worker stages after w;. 
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contrast, offspring fram different pairs diverged in 
‘both caste and sex ratios, PNmN had a ~1:1 ratio of 
female workers 1 male workers [48.4 + 1.7%: 
47.7 + 1.5% (mean + SEM}. ENmE had a ~1:1 
‘ratio of female nymphs to male workers (45.9 + 
1.6%: 50.2-+ 1.4%). FEmN had a~1:1:1 ratio of 
‘male nymphs to female workers to male workers 
(31.0+4,0%: 35,8+2,7%: 31.9 1.4%). Finally, 
FEmE had a ~1:1:1:1 split of all four offspring 
types, with a slight bias of nymphs over workers 
(33.0 + 5.8% female nymphs: 29.7 + 5.2% male 
‘nymphs: 19.8 + 4.5% female workers: 17.444, 1% 
‘male workers), We saw significant differences (P < 
(0.001) in the offspring caste and sex ratios forall, 
six pairwise comparisons between pair types by 
Fisher's exact test with Bonferroni correction. 

‘The mean survival rate (Fig. 3) of FE off= 
spring was significantly lower than that of 1X, 
fNmN, fNmE, and fEmE. The mean survival 
rate of fEmN offspring was lower than all treat- 
‘ments but FE, although not significantly, Death 
‘or removal of eggs by workers before hatching 
accounted for offspring mortality. Because lar- 
vae disappeared only rarely, it is highly unlikely 
that workers removed particular castes, The sen- 
sitivity of termite eggs to experimental condi- 
tions may explain the relatively low survival 
rate across the six treatments (<48%) (17). 

Our dats contradict the hypothesis that ter- 
mite nymph and worker caste determination is 
due only to environment (2-14) (Fig. 2). If 
maternal effects in the eggs were responsible for 
the different caste ratios, we should see similar 
pattems among offspring of fNmN and !NmE, 
and also of fEmE and fEmN. Similarly, pa- 
tomal effects are unlikely because of the highly 
differentiated caste ratios of offspring between 
fNmN and fEmN and between fNmE and 
FEME, 


Our data fit a genetic model featuring a sin- 
gle X-linked locus, dubbed worker (wk), with 
two alleles, A and B (Fig. 4) [sex determination 
in R. speratus appears to involve an XY system, 
1s found in other Rhinotermitidae and Termitidae 
(13, 19)). The model assumes no influence of 
environmental stimuli produced by reproductive 
individuals. Offspring with genotypes wi*® and 
WAY dowlop talo work: offipring Wisi 
genotypes wk™* and wh develop into nymphs. 
Allele B is homozygous lethal. Because half of 
the offspring produced parthenogenctically by 
exgatoids are wh, they will be inviable this is 
consistent with the significantly lower survival 
rate of FE offspring (Fig. 3). Similarly, onc- 
quarter of fEmN offipring are predicted to be 
inviable, which is in agreement with the lower 
survival rate of these pairs relative to fNmN, 
ENmE, fEmE, and fN. 

"Nymph genotypes are plastic, being subject to 
pheromonal modification When we placed par- 
thenogenetically produced £N offspring (wk) in 
the presence of a male and female nympho pair, 
24% developed into female workers, the rest into 
female nymphs (17). Slight deviations in offspring 
ratios predicted by the model (as sean in Fig. 2) 
may be duc to weak pheromonal influence from 
tending workers, incomplete penetrance at wk, 
‘other loci with weak effects on caste and sex, ora 
combination of these factors. We also determined 
«similar but less parsimonious mode! that fits the 
data of Figs. 2 and 3 (fig. SU) 

We predict that offspring in quecn-king 
colonies will be workers (i.c., wh * wh'Y — 
wk*® + ykY). In the event that the queen and/or 
king dies, ergatoid neotenics should develop, and 
FEmE, queen-mE, or king-fE matings should 
result in workers and genotypic nymphs (Fig. 4). 
Independent colony composition studies were 


Hifomaie nympn mate nymph [female worker [J] male worker 


fN an 

fE 100 

fNmN 605 

fNmE 463 

fEmN 321 

fEmE 160 
oO 0.25 05 075 1 


proportions of offspring caste and sex 


Fig. 2. Proportions of R. speratus female and male nymph and worker offspring from six experimental 
rearing treatments. Fifty workers raised eggs from parthenogenetic female nymphoids (N) and 
ergatoids (fE), and the four possible crosses among fN, f€, male nymphoids (mN), and male ergatoids 


(me) Gu 


{NmN, INmE, fEmN, fEmE). Offspring were pooled across replicate colonies for each colony 


type (see text). Sample sizes (numbers of offspring produced) are shown at the right. 
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‘consistent with these predictions. R_sperats 
‘queen-king incipient colonies contained work- 
ers and soldiers derived from the worker line 
(Fig. 1), but no nymphs (/9). On the otherhand, 
R_ speratus queen-queen incipient colonies con- 
tained nymphs and workers (/9), as predicted 
from our experiments showing environmental 
‘modification of nymph genotypes. Inthe related 
R. flavipes, qucen-king colonies contained neg- 
ligible numbers of nymphs (0.72 + 0.28, = 17), 
whereas queenless colonies (with neotenics) 
‘contained many nymphs (550 + 86, 1 = 3)(2/). 

‘The bifurcated caste pathway shown in Fig. 
1s thought to have evolved from a linear pathway 
(12, 13, 22), Species with a linear pathway ane 
basal (22) and nest and feed within one wood 
source, All offipring have the potential for selfish 
development into alates oF neotenies, but they 
remain as sterile individuals under the influence of 
‘Pheromones produced by repreductive individu 
als, The selective advantage of the derived R. 
speratus genetic system may be enhanced inhibi= 
tion of selfish reproduction by offspring, particu 
larly during colony development. The offipring 
proxluced in R. speranus queen-king colonies are 
presumably unable to develop into alates, and their 
Propensity to develop into selfish ncotenics is 
relatively low: R_ speratus nymphs require ~ 
days and a single molt to become nymphoids, 
whereas workers require ~30 to 40 days and two 
‘mols to become ergatoids (23), The evolution of 
the genetically influenced caste determination 
system may therefore have facilitated increased 
colony size and ecological dominance, 

If having genetically (as opposed to envi= 
ronmental) determined workers were advanta- 
goous, the A allele would invade the population 
‘at wk. Allele A would lead to colonies producing 
a female bias among alates, duc 1 250% of 
males being wingless workers. Such a bias 
could fivor the invasion of B, which would cause 
‘an alate sex-ratio bias toward males, duc to 250% 
‘of females within colonies being wingless work- 
‘ers, Eventually, primary reproductive individuals 
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Fig. 3. Survival rates of offspring to the third 
instar (means + SEM) in experimental treatments. 
Rates were determined for most replicates 
presented in Fig. 2. Means that bear the same 
letter (ie., 2 oF b) are not significantly different 
Tukey's HSD test, P > 0.05); 0 = number of 
replicates per treatment. 
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Fig. 4. One-locus-two-allele model of affecting caste determination in R. speratus. This 
‘model fits the data from Figs. 2 and 3. The locus, dubbed worker (wk), i Xlinked and has two alleles, A 
‘and B. Females inheriting two copies of A have a nymph genotype; females inheriting a copy of both A 
and B have a worker genotype (the B allele is dominant). Males inheriting a copy of A have a worker 
‘genotype; males inheriting a copy of B have a nymph genotype. The wi genotype is lethal. Genotype 
‘matches phenotype under experimental rearing conditions (Le, in the absence of reproductive 
individuals), In the presence of reproductive individuals, the nymph genotype may be modified into a 
worker phenotype as a result of environmental stimuli. Note: R. speratus nymphoid and ergatoid 
females produce homozygous females by parthenogenesis. 


REPORTS [ 


1M. Peary. 5. Bron, C Dous, Lal, Scence 306, 
1780 (2008, 

V.P. Vol, D. M. Gordon, Proc. Nath Acad. Se, USA 
‘99,6108 (2002) 

B.L Thorne, Annu Rex. Ecol Ss. 28, 27 (1997). 

Y. Rakin, in Temites: Evolution, Social, Symbiosis, 
Ecology, 7. Roe, D.E Bignell, M. igus Es. (Kuver 
‘Academic, Dordrecht, Netherlands, 2000, pp. 95-120, 
J. Korb, $. Katrantris, fol Der. 6, 342 (2008, 

WN. Lot ol, Bol. Let. 3, $62 (2007. 

1M. Higa T, Abe, in Boden: An Ecological 
Perpecne, Tbe, 5. A. Lei, M. Higashi Es, 
(Springer-Verlag, New York, 1996), pp. 83-112. 

See supporting material on Science One. 

Y, Haya, 0. Kade, J. Kojima, Entomol. Sc. 6, 253 
(2003) 

K. Matsuura Fujimoto, K. Goka, sete Soc. $4, 325 
(2008) 

Y. Kaya H. Miata, 0, Wade, Sociobiology 48, 849 
(2008. 

GE Long, BL Thome, WL Breisch, Bull. Entomol Res 
193, 439 (2003), 

G.} Thompson, . Ktade, N. Lo, RH. Crass, . Evol 
Biok 13, 869 (2000). 

Ho Miya, H,Furlchi, ©, Made, nfomol. Sc 7, 309 
(2009) 

Lay, Genome 33, 80 (1990), 

WK. Reeve, JS, Shellman Reeve, Evol Ecol 12,357 
apn, 

We thank K. Masi, WO. H. Hughes, RH Coxe, 
1. See, 5, Shafi, and the Behavior and Genetics of 
Sala Insects ab atthe Univesity of Sydney fr 


crying a combination of A and B alleles woul! _ References and Notes Sins Sept Gia Sate 
sot oon 1. £0, Wien, ee Societe eltop, Cmte, 0 " “i 
Produce workers of both sexes, culcomptn Nn ORM pa acy fr the Poneto of Scene Kan 


those with only one sex and allowing the alleles 
to spread to fixation, Because an fF always has 
the opportunity to mate under natural conditions 
(with the king, mE, or mN), lethal wa! 
_keniotypes will not be predluced by FE partheno- 
‘genesis. However, fE-king or fEmN crosses, if 
they occur, will result in 25% lethal wh". The 
advantage of the B allele (.., production of 
female workers) presumably outweighs this 
potential cost. 

Although some termites may have up to half 
their genome linked to the X and Y chromo- 
somes (24), R. speratus appears to have at most 
2 out of 21 (haploid) sex chromosomes (19). 
‘Thus, the presence of wk on a sex-linked chro- 
miosome may be important. Theory predicts that 
sex-linked loci are more efficient at transporting, 
the population from a previously sexually mono- 
‘motphic optinium to a complex, sex-conditional 
‘optimum, as would be the case during invasion of 
the A allele (25). 

Alleles A and B have an opposite effect in 
cach sex. Allele A results in genotypic female 
‘nymphs when homozygous, wh, but results in 
male workees ss a single copy, wi*Y. Allele B 
results in male genotypic nymphs, wk", but 
female workers, wk*®. Female and male alates 
cach carry one allele type, which is passed on to 
offspring of the opposite sex, resulting in wingless 
‘workers, Inbreeding within the colony appears to 
be required to produce further alates. t is the 
‘occasional reprexiuction by workers (as engatoids) 
that allows the cycle to continue. The existence of 
several termite species with ergatoids and/or 
‘workers of only one sex (13) suggests that 
‘genetically influenced nymph and worker caste 
determination may not be limited to R sperats. 
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Mnemonic Function of the Dorsolateral 
Prefrontal Cortex in Conflict-Induced 
Behavioral Adjustment 


Farshad A. Mansouri,* Mark }. Buckley,’ Keiji Tanaka”? 


(ur cognitive abilities in performing tasks are influenced by experienced competition/conflict between 
behavioral choices. To determine the role ofthe anterior cingulate cortex (ACO) and dorsolateral 
prefrontal cortex (OLPFC)in the confic detection-resolution process, we conducted complementary lesion 
and single-cell recording studies in monkeys that were resolving a conflictbetween two rules. We observed 
confict-induced behavioral adjustment that persisted after lesions within the ACC but disappeared after 
lesions within the DLPFC. In the DLPFC, activity was modulated in some cells by the current conflict level 
‘and in other cells by the conflict experienced in the previous trial. These results show that the DLPFC, but 
riot the ACC, is essential forthe conflctnduced behavioral adjustment and suggest that encoding and 
maintenance of information about experienced conflict is mediated by the DLPFC. 


the Wisconsin Card Sorting Test (WCST) 
| (2), which bas been used routinely for 
neuropsychological assessment, is a suit- 

able task to examine the mechanisms of the 


conflictinduced behavioral adjustment. Inthe 
WCST, the relevant rule and its frequent changes 
‘are not cued, and therefore the subjects face a 
conflict or competition between the potential 
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‘matching rules. Patients with prefrontal cortex 
damage typically show impaired performance 
fon the WCST and other tasks in which they 
should resolve conflict between potential rules 
or responses (2-4), We trained 16 macaque 
‘monkeys to perform a close analog of the WCST 
(figs. SI and $2) (5-7), Four monkeys received 
bilateral aspiration lesions to the principal sulcus 
‘within the DLPFC, four other monkeys received 
bilateral lesions 10 the suleal region within the 
‘ACC, and. six other monkeys remained as un- 
‘operated controls (Fig. 1C). In the two remaining 
‘monkeys (MI and M2), singlecell activity was 
recorded from the DLPFC. 

In each trial, the monkeys were required to 
select which one out of three different test items 
‘matched a sample, according to the curently 
relevant matching rule, under one of two dif- 
ferent levels of conflict: low conflict and. high 
conflict, In the high-conflict condition, the sam- 
pple matched one of the test items in color and 
another test item in shape; however, it did not 
‘match the remaining test item in either color 
‘or shape (fig. $1), Therefore, the monkeys had 
to resolve the competition between two po- 
tential matching rules (ic,, matching by color 
and matching by shape) 10 select the target. In 
the low-contlict condition, the sample matched 
‘one of the test items in both color and shape, 
and it did not match the other two test items in 
either color or shape; thus, there was no con- 
flict between matching rules. The low- and 
hhigh-conflict trials were intermingled in a ran- 
dom order. Trial events and the feedback were 
similar in high- and low-conflict conditions 
(figs. SI and $2). 

‘We examined the possible role of the ACC 
and DLPFC in conflictrelated behavioral ad 
justments by comparing the postoperative be- 
hhavior of monkeys with bilateral lesions within 
the ACC (ACC group) of DLPFC (DLPFC group) 
(Fig. 1C) with the behavior of intact monkeys 
(control group). The resulting lesions were as 
intended in the ACC and DLPFC lesion groups 
(7) (figs. $8 and $9). 

All groups successfully performed the WCST 
analog, as evidenced by their abilities to make 
‘numerous switehes between matching rules per 
session (9,9 switches par daily session in the con- 
{rol group as compared to 9.6 and 9.6 switches 
in the ACC and DLPFC groups, respectively). 
For all groups, we observed that the level of 
conflict between matching rules influenced the 
‘monkeys’ behavior in current as well as in sub- 
sequent trials. 

With regard to current trials, we found that, 
in the control, ACC, and DLPFC groups, target 
selection was slowed by the presence of conflict 
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(Fig. 1A}: The speed of target selection (STS), 
hich was calculated as the reciprocal ofthe time 
between the test item onset and the first soren 
touch, was slower in high-conflict trials. A three- 
\way analysis of variance (ANOVA) [“mankey” 
(between-subject factor) * “conflict” (low/high: 
Within-ubject factor) * “group” (control DLPFC/ 
ACC; between-subject factor] applied to the 
normalized STS in cared tials showed that thre 
‘was a significant main effect of conflict (Fy, 255 ~ 
509, P< 1 * 10°), but the interaction between 
the conflict and group factors was not signifi- 
‘cant (F, 246 ~ 1.9, P= 0.15) (7). When we used 
‘only one averaged (across sessions) normalized 
STS value for each monkey, no significant dif- 
ference was seen in the magnitude of the STS 
modulation (ic., the difference in STS between 
high- and low-conflct trials) between the con- 
tol and ACC groups (io 0.3, P= 05, t test) 
‘or between the control and DLPFC groups (ty = 
061, P= 0A). These results indicate that the 
modulation of STS by the current conflict level 
was not different between control and lesion 
groups. 

‘The conflict hypothesis (8-70) posits that the 
assessment of conflict and the ensuing adjust- 
‘ment in control should result in enhanced reso- 


A 
Low-confct (L 


Normalized STS 


High-conflct (H) trials i 


lution of conflict and improved behavioral choices 
in subsequent circumstances where conflict arses 
‘yet again. Consequently, in order to examine 
‘whether monkeys” performance level improved 
\when faced with repeated high-conflict situations, 
‘we compared the monkeys’ behavior in high- 
‘conflict rials tht followed low-confict tials (LH 
trials) with that in high-conflict tials that fl- 
lowed high-conflict tials (HH wials), Only cor 
rect trials that were preceded by comect trials 
‘were considered in this analysis. 

We observed that, in both the contro! and 
ACC groups, the STS of the second tral in HH 
pairings was significantly faster than that of the 
second trial in LH pairings; however, no such 
significant difference between HH and LH pair- 
ings was seen in the DLPFC group, A three 
way ANOVA [“monkey" * "previous conflict” 
(HH/LH) * “group” applied to the STS showed 
4 significant main effect of previous conflict 
(F), 266 = 84, P = 0.008) and no interaction 
between monkey and previous-conflict factors 
‘or among monkey, previous-conflict, and group 
factors (P > 0.05), However, there was a sig~ 
nificant (F3, 256 ™ 3.4, P = 0,03) interaction 
‘between the previous-conflict and group factors. 
A follow-up post-hoc test (Tukey test) showed 


Fig. 2. Conflictinduced behavior- 
al adjustments in control, DLPFC, 
and ACC groups. (A) The mean 
‘normalized STS in low-conflct () 
and high-conflict (H) trials (error 
bars indicate SEN). (B) The mean 
difference in STS, with respect to 
the second trial of HH versus LH 
trial sequences. Diamonds indicate 
the data from individual monkeys, 
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that there was a significant difference between 
the control and DLPFC groups (P < 0.05) but 
not between the control and ACC groups (P > 
0.9). When we used only one averaged (across 
sessions) value for each monkey, there was a sig 
nificant difference in the magnitude of the STS 
‘modulation (ie, the difference in STS between 
HH and LH trials) between the contro! and 
DLPFC groups (ty = 244, P= 0.02, onctailed 
1 teat) but not betwee the control and ACC 
_gr0ups (ts " 0203, P= 0.5), Figure 1B shows 
the mean STS modulation in the control, ACC, 
and DLPFC groups, as well as in the two ad- 
ditional monkeys (without lesions) used in the 


single-cell recording study (MI and M2). These enced in the previous tral. 
results show that, in intact monkeys and also (A and 8) Activites in LH 
in monkeys with lesions within the ACC, the trials (blue) and those in HH 
STS was modulated by the conflict expe- tals (pink) are shown for 3 
rienced in the previous trial but that this mod- two cells [resus are shown 
ulation was impaired after lesions within the for one cell in (A) and forthe 
DLPEC. other cell in (B)). The mean 
‘Having observed that the conflict-induced be- tivities are aligned at sam- 
havioral adjustment was impaired in the DLPFC Ble onset. Only activities ing 
lesion group, we explored the underlying neural Correct tris that were pre 
processes by recording single-cell activity in the ceded U frat heme, = 
DLPFC of two monkeys (MI and M2). Both cass The P wales show 
‘monkeys successfully performed the WCST an- pele sy seed 
alog (lig. $2) even with the additional require fo scae aaa 
ment of eye fixation, and they accrued more than ufos in width 58 me). 
10 changes in the relevant rule per day (7). For , 
both monkeys, the STS was significantly slower 7 
in high-confict uals in all dee response direc- 
tions (fig. S3A), and the STS in HH tials was 
significandly faster than hat of LH tials in all 
three response direstions (fig. S3B). 
‘We found that the DLPEC cell activity dif 
fered between low- and high-contlict trials in 
the sample and decision periods (//). In contrast 
to the lesion study, in the recording study (7) (fig. 
'$2), because different samples were consistently 
used in the high- and low-conllict trials (fig. 
‘S4), the monkeys could know the conflict level 
of the tral as soon as the sample was presented. 
‘This design allowed us to compare the activity 
Fig. 2. DLPFC cell activity repre- —Low-confict a Color ‘Shape 
sented curently experienced confit. (L) wits ‘lak 4 
The lefmastperistimuls time (PST) Hign-confict we 
histogram shows activites in low (H) tats . * 


confli (blag) and high-confict 
(red) trials (bin width, 55 ms). Each 
column shows activities in low: and. 
hhigh-conflit trials that required the 
application of the same matching 
tule and responses in the same di- 
rection. Left and right vertical 
broken lines indicate the sample 
‘onset and the onset of test items, 
respectively. Samples presented in 
‘each conflict condition are shown 
above individual PST histograms 


the sample period. Only correct 
trials were included. The recording 


" 


between the two conflict levels while the eye 
position was fixed and before the monkey had 
initiated its motor response. The example cell 
shown in Fig. 2 showed higher activities in the 
Jow-conflct trials during the sample period, re- 
_gardless of the direction of the upcoming motor 
response. The activity difference between low- 
and high-conflict trials was not related to the 
sample identity, because higher activities were 
‘consistently observed for each of the three sam- 
ples used in low-conflict conditions, and lower 


Fig. 3. DLPFC cell activity A 
represented conflict experi 13 


area covered both dorsal and ventral banks of the principal sulcus. 
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‘activities were seen foreach of the seven samples 
in high-conflict conditions. It was also indepen 
dent from the relevant rule, because the activity 
‘was higher in low-conflict conditions irrespective 
of the relevant nule (fig. $5). 

‘When we applied a two-way ANOVA (‘con- 
fice” = “rule") to the activity in comect trials of 
146 recorded cells, we found that 22 cells (15%) 
‘and 30 cells (21%) showed a significant (P < 
0.05) main effect of conflict in the sample and 
decision periods, respectively, Only two (sample 


— LW trials 


989 


| REPORTS 


990 


period) and four (decision period) of the cells 
showed a significant interaction between the rule 
and conflict factors, indicating that the activity 
difference between low- and high-conflict tials 
‘was independent from the relevant rule (fig. 
'$5). The activity was higher in high-conflict 
trials in some cells (5/22 and 14/30 cells in the 
sample and decision periods, respectively) and 
higher in low-conflict tals in others (ig. $5). 
Further analyses showed that the activity dif- 
ference between low- and high-contflict tials 
‘was not due to selectivity for physical fea- 
tures of the sample stimuli (supporting online 
material), 

‘The modulation of behavior in the current 
‘rial by the level of conflict experienced in the 
previous trial requires a purported system to 
hhold the memory of experienced conflict across 
rials, The neural representation of such a mem- 
‘ory is expected to appear in the period preceding 
the actual start of each tral, Thus, we also com- 
pared the cellular activity between LH and HH 
{rials in the fixation period (a period in which 
the eye and hand positions of the monkey were 
fixed), A two-way ANOVA (“previous conflict” * 
“rule”) showed that out of the 146 cells, 1S cells 
hhad a significant (P < 0,025) main effect of 
previous conflict oF its intersection with rule. 
‘This number of cells is significantly (P = 0.004, 
binomial test) greater than the number of cells 
that could be obtained by chance. The activities 
of two examples of these cells are depicted in 
Fig. 3, A and B. The activity in the fixation 
pptiod was higher in HH trials in 4/15 cells and 
higher in LH rials in 11/15 cells. Figure S6 
shows the mean normalized activities of the 
15 cells in preferred (ie.,, whichever trial se- 
quence, LH or HH, that had the higher activity 
for that cell) and nonpreferred trial sequences. 
AL the cell population level, the activity dif- 
ference between LH and HH trials could be 
seen during and even before the fixation pe- 
riod, These results suggested that DLPFC cell 
activities maintained, across trials, the infor- 
‘mation of the previously experienced eontict 
level. 

Our results showed marked similarity in 
cconflict-induced behavioral adjustment between 
‘monkeys and humans (8, 12-16). Previous 
studies (8-10, 17-23) have (i) shown activation 
of the ACC when human subjects face a conflict 
between behavioral choices and (i) reported 
impairment of conflict-related behavioral modu- 
lations in patients with ACC lesions (24), which 
suggests the involvement of the ACC in the 
conllict detection-resolution process. However, 
‘humans with lesions that include the ACC do 
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not necessarily show impairment in conflict- 
related behavioral modulations (25). We found 
that lesions within the ACC of the monkey did 
not impair the behavioral modulations that oc- 
‘cured after experiencing conflict in the current 
‘or previous tial Our results indicate that, even 
Without a functional ACC, the behavioral effects 
of experienced conflict can stil be realized. 

We observed that lesions within the DLPFC 
impaired the conflict-induced behavioral modu- 
lations. This suggests that in contrast to the ACC, 
the DLPFC plays a enucial role in mediating 
the behavioral effects of experienced conflict 
Previous studies have shown that lesions in the 
Principal sulcus cortex lead to impairments in 
short-term maintenance of spatial information 
(26-28). We show that the indispensable role 
‘of principal sulcus cortex in cognition extends 
beyond short-term storage of spatial infor- 
mation {0 support conflct-induced behavioral 
adjustment. 

We found that DLPFC cells represented the 
‘conflict level in the curent tral independently 
from other aspects of task, suggesting thatthe 
‘curently experienced conflict is encoded in 
DLPFC cel activity as a distinct variable. These 
results provide support to the hyposhess (J7, 18) 
that the DLPFC is involved in the detection of 
confit. 

We also found that the DLPFC cell activity 
‘maintained information regarding. previously 
experienced conflict, and, in tum, the conflict- 
induced behavioral adjustment was impaired by 
DLPFC lesion, Based on these complementary 
findings, we can conclude that this region of the 
DLPFC is necessary for conflict-induced behav 
ioral adjustment, and we posit that the cellular 
activities that we have observed in the DLPFC 
represent the conflict level and bring this infor- 
mation to bear overtime to the following tril to 
be used im adjustment of cognitive control (29). 
In a changing environment, we need 0 optimize 
the usage of our limited cognitive resources, and 
the DLPFC might support an adaptive and dy- 
namic tuning of our cognitive control processes 
by maintaining information of recent cognitive 
challenges. 
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Gel Plate Cleaner 

Gelplate-clean is formulated to clean elec 
trophoresis gel plates in a way that helps prevent 
poor electrophoretic migration, band distortions, 
and poor image development. The user simply 
sprays the plate and wipes it, with no need to soak 
plates for hours in strong and toxic solutions. It 
leaves no residues, while removing proteins, 
‘nucleic acids, fats, lipids, radioisotopes, and other 
contaminants It is suitable for use with sequenc- 
ing plates, protein gel plates, and mini gel plates. 
G-Biosciences/Genotech For information 
314-991-6034 www. GBioscences.com 


Enhanced Image Reader Software 
An enhanced version of JelMarker Image Reader 
Software now incorporates unique physical com- 
parison DNA variant technology. in addition to 
automatically identifying gel image lands and 
bands, the mutation detection module of the soft- 
ware converts the image into a synthetic electro- 
pherogram thatit then compares with a wild-type 
reference, thereby detecting single nucleotide 
polymorphisms at a sensitivity not possible with 
previous visual detection methodologies. Jel- 
‘Marker is compatible with fluorescence, chemilu- 
rminescence, and autoradiography gel image files, 
especially those generated by the Li-Cor 4300 
DNA Analyzer and the Kodak Image Station 
44000R. JelMarker can import up to two TIFF, BIP, 
JPEG, BME, oF TXT files for comparative analysis. 

‘SoftGenetics For information wansotigenetics.com 


Literature 

Cell Signaling Application and Product Guide 
includes dozens of cell signaling pathways, more 
than 100 pages of technical articles, an extensive 
troubleshooting section, and thousands of Upstate 
cell signaling products, including antibodies, 
enzymes, and kits. The range of cell-signating 
‘esearch tools includes kinases, phosphatases, and 
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Electrophysiological Guidance System 
Developed to improve micro-volume injection techniques used to study connectivity and function 
of specific brain nuclei, the Recording Nanoject Il facilitates recording of neural activity. The ys- 
tem enables direct displacement of neural tracer or exctotoxin from the pipet. Its engineered to 
‘mount easily on popular stereotaxic instruments and supplements instrument coordinates in guid- 
ing the placement of injections. When operated in conjunction with an extracellular amplifier, it 
‘an be used to place small volumes into targeted areas with a high degree of precision. 
Drummond Scientific For information 800-523-7480 wew.drummondscicom 


G-proteins; epigenetics and chromatin function 
reagents; transcription factors and nuclear recep 
tors; and multiplexing and drug-discovery services. 
Millipore For information 800-645-5476 

wm millipore.com/quides 


Solid Phase Extraction System 

The MaxiLute is a 48-wel solid phase extraction 
(SPE) system designed to bring the benefits of 
microplate technology to drug development, 
food, and environmental laboratories currently 
using SPE cartridges, The MaxiLute can repeat- 
edly and precisely process up to 200 mi of sam- 
ple in one go, and is up to four times faster than 
traditional manual SPE cartridge methods. it can 
bbe automated easily for further productivity ben 
efits. Constructed of a single piece of high-qual- 
ity molded polypropylene, the Maxitute will not 
bbend or distort, unlike SPE cartridges that have 
to be repeatedly plugged in and out. With a 
broad selection of packed bed volumes (250 mg 
to 1500 mg) and a wide choice of high perform- 
ance sorbents, the MariLute offers the flexibility 
to be packed to perform optimally for almost any 
‘SPE application. 

Porvair Sciences For information +44 1932 240255 


wermponvair-scionces.com 


‘Stem Cell Medium 

‘Stempro hESC SFM is a new serum-free, feeder- 
{free medium formulated for the growth and 
expansion of human embryonic stem cells 
(hESCS). The medium has been shown to main- 
tain these cells in a genetically normal state. It 
has been tested extensively and proven to keep 
the cells pluripotent in a number of lines, includ- 
ing 8GO1, 8GO2, BGO3, HUES9, Hi, and H9. 
Currently, researchers working with hESCs grow 
them in serum-containing undefined media 
‘sing mouse or human embryonic fibroblast 
feeder cells. These cultures not only make it dif- 


ficult to keep cells pluripotent, they are also 
labor-intensive and lead to challenges in scaling 
up cell production, The undefined nature of 
‘other cultures means scientists have a harder 
time controlling culture conditions and compar- 
ing results from experiment to experiment, 
Invitrogen and Novocell For information 
{800-955-6288 wwm.invitrogen.com 


Stem Cell Passaging Tools 

The StemPro EZPassage is a disposable device 
designed to simplify manual passaging, the 
process of dividing human embryonic stem cell 
(hESC) colonies. The new tool is designed to 
‘educe the time required for this crucial step in 
stem cell research, improve the uniformity and 
consistency of manual passaging, and decrease 
the amountof training required for newcomers to 
the field. The ability to self-renew and continually 
divide isa main characteristic of embryonic stem 
cells Cells replicate in culture, form colonies, and 
‘eventually outgrow the dish in which they were 
placed. Researchers must then “passage” the 
Cells to a new dish to atlow them to continue 
‘growing, Current manual and enzymatic passag- 
ing processes ate labor-intensive, can take more 
than 20 minutes, and result in passaged colonies 
‘of non-uniform size. By contrast, the passaging 
process with StemPro EZ Passage can take less 
than a minute, and the resulting stem cell sub- 
‘colonies are uniform. 

Invitrogen For information 800-955-6288, 

om invitrogen.com 


Newly offered instrumentation, apparatus, ad laboratory 
‘materials ol terest to researchers in all disciplines in aca- 
emi, industrial, and government organizations ae featured 
Jn this space. Emphasis is given to purpose. hie characters 
tic, and availabilty of products and materials. Endorsement by 
‘Science or BAAS ot any products oF materials mentioned i not 
‘implied. Additional information may be btained {om the 
manufacture or supp, 
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Managing Scientists 


Christina Hull chuckles when asked where 
centists acquire their interpersonal skills. She 
acquired hers the same way most scientists do: 
They were thrust upon her when she started her 
laboratory at the University of Wisconsin, 
Madison. Suddenly she was the boss, faced with 
the daily challenges of motivating students, 
‘negotiating with peers in committee meetings, 
resolving conflicts in the lab, 
and a dozen other tasks that 
require what are broadly 
called “people skills 
Hull acknowledges that 
possessing good manage- 
‘ment ability is essential to 
productive scientists, but 
she received no formal man- 
agement training prior to 
taking the reins, Her experi- 
ence is not unusual. Fully 
half of US. postdoctoral sci 
entists responding to a 2003 
Sigma Xi survey said that 
they had received no train- 
ing in lab or group manage 
‘ment, and nearly all the rest 
had received only ad hoe or 
“on-the-job” training. Most 
wanted formal training in 
lab management, but only 
4¥ohad attended a workshop 
‘or done formal coursework. 
Even established senior 
scientists recognize the disconnect. “Science 
is odd in some ways,” says Robert Doms, 
chair of the Department of Microbiology at 
the University of Pennsylvania School of 
Medicine. “You spend all your time as a stu- 
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“L realized there 
were some things | 
was doing that my 
lab expected me to 
do differently.” 


dent and postdoctoral fellow learning how to 
bbe a good experimentalist. Then you become 
‘an independent scientist, and if you are suc 
cessful, before long you are no longer doing, 
experiments because you don’t have any 
time, and personnel management becomes a 
major issue.” 

Like many scientists, Doms modeled his 
management style on that 
of his scientific mentor, 
Ari Helenius, a virologist 
at Yale University School 
of Medicine, whose style 
Doms admired. The ad hoc 
method can work some- 
times, but it’s hit-or-miss. 

“There are some horrible 
pathologies in some labs 
in the relationships,” says 
Edward O°Neil, director of 
the Center forthe Health Pro- 
fessions at the University of 
California, San Francisco 
(UCSF), who offers labora- 
tory management workshops 
throughout the United States. 
“People stay because they are 
inspired by the science, but 
they leave the training in 
some of these labs really 
wounded people. ... Then 
they will use that as a model 
forleadership.” 

In his workshops, O'Neil tries to get scien- 
tists to change their behavior by asking them to 
frame a hypothesis. For example, “If I stop 
yelling at my technician when he makes a mis- 
take and work together to correct the problem, he 


“Scientists have to 
learn that it's not 
the science they're 
managing, it's the 
people who are doing 
the science that 
they're managing.” 
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will finish experiments more quickly and com- 
pletely.” Then, O'Neil asks them to collect and 
analyze data to see if the data fit the hypothesis, 


Becoming an effective leader 
‘Success in science is often meas- 
tured by number of publications, 
citations, and similar metrics, But 
when Alice Sapienza, a chemist 
with a Ph.D. in organizational 
behavior who is now at Simmons 
College in Boston, Massachu- 
setts, asked experienced scientists 
what qualities they most admire 
in a scientific leader, she got a 
very different answer. 

Sapienza says her research 
suggests that the best leaders are those with 
the best people skills. She surveyed more than 
200 scientists and engincers from the United 
States, Europe, and Asia, asking them to 
describe the most effective scientific leader 
they knew. Leading the list were people of 
“caring and compassion,” followed by those 
‘who “possess managerial skills” such as effe 


‘Technical skill was a distant third. 
Another common misperception among 
scientists, she says, is that managing people 


in a laboratory environment is somehow dif- 
ferent from managing people in othertypes of 
workplaces. “People are people,” Sapienza 
says. “Thore’s a very short list of things that 
0 wrong when people work together” 

So how do you make sure those things 
don’t go wrong? “There is no easy fix,” she 
says. “It should not be surprising that it will 
take time to become an expert in the disci- 
pline of interpersonal behavior.” 

Carl Cohen, co-author of the book Lab 
Dynamics: Management Skills for Scientists 
(and a former Science Careers contributor), 
recommends taking short courses in manage- 
ment and reading books such as William 
Ury’s Getting Past No, which he found invalu- 
able in developing negotiation skills. There's 
a whole literature out there, he says, that can 
be very helpful 

O'Neil recommends yearly performance 
evaluations for everyone in the lab, including 
the lead investigator, using what's known as a 
360-degree evaluation in which people give 
and get constructive feedback from supervi- 
sors and those they supervise. This kind of 
assessment taught Sapienza that she needed 
tobe more explicit with her students and post- 
docs in setting goals and expectations. 


Formalizing training 

Not long after her trial by fire at Wisconsin, 
Hull, a former Burroughs Wellcome Fund 
(BWF) Career Award recipient, got a taste of 
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SCIENCECAREERS 


TOWARD A PHILOSOPHY OF oe MANAGEMENT 


IN A COMPETITIVE RESEARCH ENVIRONMENT, THE USUAL 
Virtues—bold ideas, solid research qualifications, a pas- 
sion for discovery—can’t guarantee a satisfying and 
lasting career. Even in an academic setting, seri- 
‘ous researchers need financial knowledge and 3 
businesslike attitude, 

Michael McClure, former chief of the 
National Institute of Child Health and 
Human Development's Reproductive Sci- 
‘ences Branch, compares the modern research 
environment to a shopping mall in which the 
landlord—the university—leases space to new 
businesses—junior faculty members—and 
provides start-up assistance, The proprietor 
‘expects those fledgling operations to become self-sufficient quickly and 
provide a reliable source of revenue for the university. "You need to 
understand the principles of business and develop skills to market your 
business,” McClure says. “In the harsh environment today, there's very 
little forgiveness in the system.” 


Aprogrammatic vision 

Like any successful businessperson, your most important requirement is a 
lear plan. “it’s not all about money,” says Joan Lakoski, associate dean for 
postdoctoral education and associate vice chancellor for academic career 
development at the University of Pittsburgh in Pennsylvania. “it’s about 
defining what your research goals are and then using the fiscal tools to be 
able to accomplish the work.” “Grant reviewers will be looking for a long 
‘term plan,” agrees Maryrose Franko, senior program officer for graduate 
Science education at the Howard Hughes Medical Institute in Chevy Chase, 
‘Maryland, “Money follows the vision.” 


formal training when she participated in a 
S-day lab management “boot camp” spon- 


sored by BWF and the Howard Hughes thougl 


out that I don’t manage interruptions well 
that | allow them to interrupt me too much. I 
that was interesting because | was 


So how do you develop a vision and a long-term 
plan? Your adviser probably doesn’t expect you to 
think hard about the direction her tab ought to go 
in or see to day-to-day details such as preparing 
budgets, tracking expenses, building finan- 
cially sensible collaborations, or juggling 
multiple funding sources, but she proba~ 
bly will be willing to help you learn if 

you express an interest. 
‘Once your vision is in place, draw up 
a detailed chart of the equipment and sup- 
plies you'll need to do the work you intend to do 
‘once you're independent. Figure out where to buy it, 
‘how much it costs, and what equipment you might be able to share 

with other scientists. 


Funding your venture 
programmatic vision won't just help you land job offers; it will also guide 
Your negotiations for start-up funding. 

‘Many new faculty members are afraid to ask for too much, so instead 
they ask for too little, endangering their success during the critical first 
years of their research careers. Take the guesswork out by knowing what 
you need. Because you made a list, you know how much your lab 
‘ostto start up and operate until research grants start flowing—and you 
‘an spell it out in detail for your future Landlord. “You shouldn't shoot 
for the moon, but it does the university no good to nickel and dime 
you,” Franko says. 

When grant-writing time comes, many researchers target only fund= 
ing powerhouses like the National institutes of Health and the National 
Science Foundation. But it’s also worthwhile to explore other possibilities, 


by “training the trainers”: teaching the nuts 
and bolts of how to run such courses to a core 
group of 17 interested professional societies 
and universities that want to offer them. 


Medical Institute (HHMI) in Chevy Chase, 
Maryland, in 2005. 

“decided to go to [the course] grudg- 
ingly,” she acknowledges. “I wasn’t sure it 
was worth a week of my time.” She feared the 
course would be a bunch of “business-speak™ 
that didn’t apply to the issues she 
faced in the lab. But by the end of 
the course, she was glad she had 
come, She says she valued hear- 
ing the collective expertise of 
experienced scientists who had 
been through the same issues she 
faced, and she learned enough 
about her own personality and 
‘management style to make changes 
she says have improved her skills 
as mentor and manager. 

I realized there were some 
things I was doing that my lab 
expected me to do differently,” 
she says. “My students pointed 
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‘very much into my apen-door policy. When | 
became more protective of my time, they 
respected my time more.” 

Peter Bruns, vice president for grants and 
special programs at HHMI, says that HHMI 
is unlikely to offer the lab leadership course 
again. Instead, the 
institute is trying to 
disseminate its model 


HHMI gave small sced grants to each parte 
ner and asked for evaluation data from the 
workshops. In aggregate, more than 90% of 
respondents who participated in the courses 
said that they would recommend them to a 
colleague, according to Maryrose Franko, 
senior program officer at HHMI. 

Michelle Hermiston, a new assistant pro- 
fessor of pediatric hematology at 
UCSF, took a laboratory leader- 
ship course offered by UCSF's 
office of postdoctoral education 
this past spring. “I'm a huge 
cheerleader for the leadership 
course. | found it extremely use~ 
ful, as did all of my friends who 
also took it,” she says. She partic 
ularly appreciated the tips on how 
to assess work styles and how to 
ask difficult questions about 
potential weaknesses during the 


“I've become much 
more cognizant of 
what level of hands- 
on management 
people need at 
different stages of 
their training. 
—NVichelle Hermiston, 
University of California, 
San Francisca 
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including specialized federat programs, state agencies, private founda- 
tions, industry partnerships, and community grants. Even small supple- 
‘mental grants stabilize a laboratory's cash flow and support auxiliary 
materials, activities, or personnel that a primary grant might not. Small 
grants can also fund exploratory work that can lead to more significant 
funding later on. 

Before sitting down to craft a grant proposal, it's essential to under- 
stand different funders’ priorities, says James Kitchell, director of the 
Center for Limnology at the University of Wiscon- 


SCIENCECAREERS 


hhow to get it. A growing number of institutions provide formal financial- 
‘management training for scientists. Career-development workshops at 
the Ui ‘of Pittsburgh, for example, help postdocs and junior fac- 
tulty members prioritize research goals, develop financially manageable 
research programs, improve grant-writing skills, write budget justifica- 
tions, and navigate fiscal policies. The Laboratory Management institute 
at the University of California, Davis, offers a yearlong course for post- 
docs that teaches skills including writing grant proposals and protecting 
intellectual property. 


sin, Madison. The best way to gain that under- 
standing, he says, is to read funders’ strategic 
planning documents, study successful proposals, 
and talk with program officers. Program officers 
are eager to discuss strategic priorities with 
researchers; they can also advise scientists about 
funding possibilities at foundations and other 
agencies, Many funders offer online grant-writing 
tutorials and other lab- management tools. Some 
agencies host regional grant-ariting workshops, 
‘and most major scientific conferences have sub- 
stantive lab-management components. “As a 
researcher, ou are an entrepreneur, and what you 
hhave to offer the marketplace is ideas,” Kitchell 
says. "It's to your advantage to know as much 
about the process as possible.” 

Every business needs a steady and diversified 
supply of revenue, and a lab is no exception, so 
take a holistic view of your funding portfolio. One 
big grant is nice, but a financially healthy tab has 


a variety of grants, targe and small, that come due at different times. 


Spend wisely 


“Grant reviewers will be looking 
for a long-term plan. Money follows 


the vision. 


—Maryrose Franko, 
Howard Hughes Medical Institute 


Husbanding your resources is 
key. Burn through cash too quickly 
and you'll have to cut back on 
research or let people go. Play it 
too conservatively and you'll end 
up with an admirable surptus that 
you may not be able to roll over 
into the next year—along with a 
less-than-stellar CV. 

Getting it right requires pre- 
dicting how much money you'll 
need for the current funding 
period, building in overlap among 
multiple grants, tracking expendi- 
tures faithfully, and knowing how 
to save a few bucks when you can. 
Some tried-and-true scrimping 
strategies include negotiating with 
equipment and supply sales repre 
sentatives, who are usually eager to 


get in on the ground floor at a new laboratory; buying used or surplus 


‘equipment online; and sharing equipment with colleagues. 


“SIRI CARPENTER 


Knowing how to spend your laboratory's money is as important as knowing Siri Carpenter isa freelance science writer in Madison, Wisconsin, 


hiring process. “For many of us who have 
been trained in science, learning how to do 
those things can be challenging.” 
Hermiston says that the course has already 
‘had an effect in her lab. Her technician told her 
recently that she has become much more open 
to feedback and said how nice it has been not to 
have to guess what she is thinking. “I've 
‘become much more cognizant of what level of 
hands-on management people need at different 
stages of their training,” she says. “Its probably 
‘changed some of my behaviors for the better in 
that I give and ask for feedback more often.” 
‘The United Kingdom has decided that such 
training should come long before a scientist 
finds herself running her own lab: A funda- 
‘mental change is under way that aims to make 
“soft skills” a part of doctoral education in sei- 
enee. In 2002, a government-commissioned 
panel recommended that all science graduates 
receive such training. In answer to those ree- 
‘ommendations, Research Councils UK, the 
nation’s primary research-funding body, now 
disburses £21 million (about U.S. $42 million) 
per yearto universities for professional devel- 


wwwsciencemag.org 


‘opment for graduate students and postdocs in 
areas such as project management, supervis- 
ing others, and communicating with the pub- 
lic. The goal isn’t to improve laboratory man- 
agement per se: itis, rather, to give graduates 
skills that make them more attractive to poten- 
tial employers in all sectors. 

There is still some skepticism on the part of 
supervisors, and some people believe that the 
‘money would be better spent elsewhere. But the 
program seems to be having an effect. “We're 
probably about halfway there in terms of getting 
transferable skills into Ph.D. programs.” says 
Iain Cameron, head of the Research Careers 
and Diversity Unit within Research Councils 
UK. “We've made a huge amount of progress 
since 2003, but we ve still got some way to go." 

Such skepticism is not confined to the 
United Kingdom, When Elizabeth Ellis, direc- 
tor of Graduate Training in Biomedical Sci- 
ences at the University of Strathclyde, UK., 
gave a talk on the U.K’s integrated-training 
‘model at an Association of American Medical 
Colleges meeting last year, she encountered 
skepticism there as well, “There seemed to be 
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some resistance to movfing} towards skills~ 
based training in the U.S., and there was little 
understanding of why transferable skills were 
needed,” she writes in an e-mail 
Brian Schwartz, a physicist and vice presi- 
dent for research and sponsored programs at 
the Graduate Center of the City University of 
New York, has been co-teaching courses on 
business skills for scientists for 10 years, 
Schwartz says students and postdocs are often 
savvier than their supervisors about the need 
for such skills in the job market. He advises 
students to take such courses throughout thei 
graduate carcers, “Even while getting a Ph.D,, 
take some other courses,” he says. “A lot of 
students say, ‘But my thesis adviser won't 
allow me.’ I say ‘Don’t tell “em.” 
“Scientists have to learn that it’s not the 
science they're managing, it’s the people who 
are doing the science that they're managing,” 
says Sapienza, “Sometimes that’s a quantum 
leap for people to understand.” 
KARYN HEDE 


Karyn Hede isa freelance writer in Chapel Hill, 
North Carolina, 
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ASSISTANT PROFESSOR of BIOLOGY 
‘WO POSITIONS: ANIMAL PHYSIOLOGIST 
snd ECOLOGICAL GENETICIST 
‘Truman State University 

Position ove: Awistant Profesor of Big (Ani 
anal Physiclogy) avaiable August 18, 2008, nine 
trom tenure wack spponient. Cantar whe 
trcach empbastes iicnal physiological procenes 
Ire encouraged to apply (samples ince, ut ae 
tc Emel to eprodactve pysilogy, endocroa! 
(og, enlicnsscuar physiogy. and scaroticlogy). 
TE mecorafel caine wil each junior ee pape 
iogy, sophomore lel cl bag) aed upper loc 
‘ketne conc), snl may tack uccy Boge 

Tonkin ever Avctant Iron of Balog (cos 
logical genic), salible Aug 18, 2008, sine 
tenth sppointmcnt, tenure track. Candates who 
proses Wend traning in both gents and slog, 
Sha whos esearch nt the terface of ecology a 
fenctks areencturape to apply. The suet cn 
Site wil tech a sophomore led pets coun, 4 
inser vel imrsagnon wo cog ase, salty 
{Eich inductor Boy and/or an upper eve 
‘Sethe comets) 

Candidates for both postions should be strong 
committe to maining bouh quay teaching ad 
ser acve research progam wang undergrad 
ate, Succefal antes wil abo be encouraged 
‘KvclopintenSsoplinary cous an clara rela 
Alona with cleus em othr department 

eure qualications:Th.D. in biology, or re 
tec el, OF Anne 3008, xaemic prepaon 
scaly ead aia ply Sct 
‘dog pion ene) cr gent and ecg (pn 
two}: eilence uf teaching elctivene oF idence 
‘pend teaching efecvonen: rath experence 

al plasology oe potion onc) eclogcal 

"s eslenced by pubic 

Sine in peerieviewed venues (poked puna, 

sicceuil ran) eniknce of efectve communica 
toa sills 

Prefered quiet: previo experience mentor 
ing underralune rocarh succes freins tender 
stholireapencnce ats Uber are eatin, 

Munk aml sary: Aart Prove Salary is cas 
smenairate with experience. Truman firs a bene 
fuckoge including Hi, heath, aod salty osu 
tice, reuement conus, a pata rmbune 
ten for moving expense 

Ne irri Sout the pots, Truman 


— a 
Apiication: Send a letter of appication; current 
curvulum vitae; tatmient of teaching phdonophy 
Snd commitment to the bberal arts and ences aid 
Stunt development statement of research interests 
al gp theses fete of recent: 
allgraduste and undergraduate trarmerps (0 

pall apr peor 
{guited prive io hiring) to: De. Scott Burt, Brology 
Hculey Search, Department of Biology, Truman 
State University, 100 East Normal, Kirksville, MO 
63501-4221; telephone: 660-785-4597. Qualified 
‘applicants mut be cigble to work in the United 
Sauce cations will begin Novem 
ibe 19,2007, and continue until a suitable candice 
is hire. 

Tran Sue Usdeiny i an Afirmative Aaou/ Fal 
Opponnnity Exploer svelte coal diccy td 
compli with the Ameria wth Dies Aa 


POSTDOCTORAL POSITIONS in BIOPHYS- 
ICSOfSIGNAL TRANSDUCTION sls t the 
Unierity o Mino Chicage. Two portions aco 
immalatdy to suady signal ranaducion a buena, 
Cindte should have expertise inthe Sls of i 
‘omacence otal ternal recon Bucrescence, sin 
ge mukcuk biophyicy, or makailr Biogy and 
Exchemisty. Send cuicum vitae and eats of 
three pofesnal irc tor De Linda J Keay, 
Department of Micobidlogy snd Immunclogy, 
University of Ubnoie Chicago, 835.8. Wolcor, 
M/C 790, Chicago, IL 60612. 


FACULTY POSITION 
Gene Therapy Program 
Lousiana State University Health Sciences 
Center 
“The Gene ‘Therapy Program at the Louis 
ana State University Health Sciences Center 
(LSUHSC) in New Orleans, Louisiana invites 
applications for open rank tenure-track faculty 

jons. Applicants must hold a Ph.D. and/ 
br an M.D. degree, The position would suit 
‘an individual with interest in gene delivery 
and /or vaccination for modulat 
isis of infectious of neoplastic 
‘of current strength within the Progr 
‘are particularly interested in candidates who 
have demonstrated translational research ca 
pacity and intramural funding is available to 
Support developmental and ongoing transl 
tional studies, Current external funding held 
by Program members exceeds $23 million, mes 
Wy from the National Institutes of Health, and 
includes Federal and State POL awards. The 
Program was founded in 2000 and is part 
rnered with Tulane University Health Sciences 
CCentee ana LSU:Shrevepor in the state-funded 
Louisiana Gene Therapy Research Consortiam 
(LGTRC), The Program is located in the new 
Clinical Sciences Research Muiking at LSUHSC 
in space adjacent w the Stankey Scott Cancer 
Center. The Program curently has seven faculty 
members, several adjunct faculty, funds three 
state of the art core felts in meephology and 
imaging, eicroarray and. bwinformatics and 
vector development, and serves a BSL 3 fail 
ity. State of the-art immunology an pro 
‘cores have also been developed at LSUHSC. 
Through the LGTRC, we will have dies access 
to wet laboratory space in the New Orleans 
Biolnnovation Center and a Goo Manufactar 
ing Practice Facility currently under construction 
that wil fadlitate the “development of dinica 
Wal arising fiom Program research. Applicants 
should send an emal inchiding curricular 
Site to Dr. Alistair Ramsay, Program Direc: 


tor at ¢ malt wenetherapy @bahwce 
TSUHSC Gan Lal Oppo Asie 


Aason Enpoye. 


‘TENURE-TRACK FACULTY POSITION 
Department of Physics 
Morchouse College 
‘The Department of Physics at Morehouse College 
invites applications for tenure-track ASSISTAN’ 
PROFESSOR ponitions effective July 1, 2008, We 
seck candidates ponsessing a Ph.D. in physics, post 
ostoral experience, anil 3 aomrnitment to undergrad 
uate teaching, The succesful candidate i expected to 
‘etallsh 3 strong research program that insoles an 
‘dergradustes. Submit curciculum vitae and an oficial 
‘copy of the graduate school transcript, description of 
teiching experience and philosophy, description of 
research interests and cafeer goals, and the names 
and contact information for three ‘professional ref 
ferences from whoa the College will request reference 
laters wo: The Search Committee, Department of 
Physics, Morehouse College, 830 Westview Drive, 
+ Atlanta, GA 30314-3773, and must be re 
ceived by December 7, 2007. For more information 


POSTDOCTORAL POSITIONS 
University of California, San Francisco 

(1) Embeyonie stem (ES) cell commitment and 

differentiation into neurons (experience with mouse 


(2) neural circuits behavior in 


Pleace send curriculum vitae and names of three 
references to e-mail: peter.Ju@uesf.edu. 


www.sciencecareers.org 
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\\_é NATIONAL INSTITUTES OF HEALTH 


National Center for 
Research Resources 


NATIONAL INSTITUTES OF HEALTH 


Deputy Director, Clinical and Translational Research 


THE POSITION: The National Center for Research Resources (NCRR) is secking exceptional candidates for the position 
of Deputy Director, Clinical and Translational Research for the Center. The incumbent will lead NCRR efforts to integrate 
basic discoveries with clinical research and ensure that the resources supported by NCRR catalyze the advancement of 
biomedical research, He/She will advise the Director, NCRR, on the importance, policy implications, and program sig- 
nificance of current clinical and translational research issues, focusing on translation from basic research into pre-clinical 
studies and clinical trials, recommend changes in policy/operations, or follow-up actions. Areas of responsibility include 
sensitive biomedical and/or political issues that cut across the NIH. The NCRR provides laboratory scientists and clinical 
researchers with the environments and tools they need to understand, detect, treat, and prevent a wide range of diseases. 
www.ncrr.nih.gov This support enables discoveries that begin at a molecular and cellular level, move to animal-based 
studies, and then are translated to patient-oriented clinical research, resulting in cures and treatments for both common and 
rare diseases. This position offers a unique and exciting opportunity for an extremely capable individual to share responsi- 
bility in providing strong and visionary leadership to an organization dedicated to enhancing our understanding of health 
and disease, translating basic research into medical care, and improving human health. The Deputy Director, Clinical and 
Translational Research will be expected to represent the Director on a broad range of clinical and translational research 
issues related to the Center’s activities before Members of Congress and their staffs, high level Government officials, 
leaders of national voluntary and professional health organizations, and leaders in business, science and academia, 


QUALIFICATIONS REQUIRED: Applicants must possess an M.D., Ph.D., or equivalent degree, as well as senior- 
level research experience or knowledge of research programs moving research from the basic laboratory sciences into 
pre-clinical models and clinical trials. Candidates should be outstanding communicators and known and respected as 
distinguished individuals of outstanding competence. Applicants should also demonstrate the ability to think strategically, 
work collaboratively and use a consultative approach to problem solving and decision making. 


SALARY/BENEFITS/OTHER INFORMATION: Salary is commensurate with experience and a full package of Civil 
Service benefits is available, including: retirement, health and life insurance, long term care insurance, leave and savings 
plan (401K equivalent), The National Institutes of Health inspires public confidence in science by maintaining high ethi- 
cal principles. In addition to the Federal govemment’s code of ethics, we have our own agency specific standards - check 
them out at the NIH Ethics web site. This position is subject to a background investigation. 


HOW TO APPLY: A Curriculum Vitae, Bibliography, and two letters of recommendation must be received by Novem- 
ber 30,2007. Application packages should be sent to the National Institutes of Health, National Center for Research 
Resources, ATTN: Bonnie Richards, 6701 Democracy Boulevard, Suite 1010, Bethesda, Maryland 20892. 


For further information, please call (301) 435-0717. All information provided by candidates will remain confidential and 
will not be released outside the NCRR search process without a signed release from candidates. 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS, 


‘turf NATIONAL INSTITUTES OF HEALTH 


Rage 


‘TENURE TRACK POSITION IN IMMUNOLOGY 


The Experimental Immunology Branch (EIB), Center for Cancer 
Research (CCR) of the National Cancer Institute (NCI), National 
Institutes of Health (NIH), Department of Health and Human Services 
(DHHS), Bethesda, MD, invites applicants 1 apply fo a tenure track 

icant should have a Ph.D., M.D. or 


ussenzweig, Paul Roche, 
David Segal, Stephen Shaw, Gene Shearer and Dinah Singer. Active 
research covers a Wide range of arcas of immunology including: thymic 
education and T cell differentiation, HIV-induced immunodeficiency, 
etic recombination and chromesomal instability, flammation 
ology, agen presentation, receptor assembly and anspor, signal 
transduction, and regulation of gene expression. Scientific interactions 
are encouraged and occur extensively among members of E1B as well 
as with other scientists atthe NIH. Applicants should send a CV and 
bibliography, outline ofa proposed research program (no more than two 
ges), an thee letters of recommendation 1 Caroline MeCabe, 10 
‘enter Drive, Bldg. 10, Room 4B36, NIH, Bethesda, MD  20892- 
1360, Applications must be received by December 15, 2007 


eid 


Postdoctoral Positions Available 


The Extracelluia Matrix Pathology Séetion ofthe Cell & Cancer Biology Branch, Center 
Institutes of Health, Deparment 


[Ongoing investigations include expleing the metalloprotcinse-independent roles ofthe 
issu inhbitesofmetalloprotcinases (TIMPs) in modulating the tumor-bostnkeractions. 
Special cmphasis is placed on understanding the role of these procins in regulating 
tumorassociated angiogenssis, tumor growth and metastasis The mechanisms of TIMP 
in egulming tumor growth and angiogencsisare studied though these of genetic mouse | 


prefered Postdoctoral fellowship taining at the National Cancer Instat ofes a unique 
scientific environment wih significant opportunitics for oustanding postdoctoral lows 
to pursuc innovative cancer research and provides excellent preparation for sucessful 
independent scienifc carers 


tsacrested applicants should have aPh.D. andor M.D., have ess than S years postdoctoral 
experience, and be ether aS. citizen ora U.S. Permanent Resident To apply send cur- 


nih gov r via pos to William G. Stelter-Stevenson, M.D. Ph.D., Cell and Cancer 
Biology Branch, Center for Cancer Research, National Cancer Institute, Advanced 
Technology Center, 8717 Grovemont Circle, Bethesda, MD 20892-4605, 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 


Postdoctoral Fellowship 
Experimental Transplantation and Immunology 


Post-doctoral postions are available in the Experimental Transplantation 
and Immunology scction of the National Cancer Institute in the labora- 
tory of Dr. Dennis Hickstein. The laboratory focuses on translational 
research in the genetic correction of hematopoietic stem cells in animal 
‘models of human genetic diseases. Experience in molecular genetic 
techniques is strongly recommended, The laboratory is located on the 
‘main campus in the new Clinical Research Center in close proximity 
to the clinical unit, thus facilitating the clinical application of basic 
investigation. 


‘The NCI offers competitive Post-doctoral stipends along with an excel- 
lent work environment. The NCI is an Equal Employment Opportunity 
and Affirmative Action employer that values and fosters diversity 
‘throughout the entire organization. 


Interested applicants should send a CV, brief description of research 
interests and experience, and contact information for three references to: 
Dennis D. Hickstein, M.D., Investigator, Experimental Transplanta- 
tion and Immunology, Center for Cancer Research, National Cancer 
Institute, Bldg. 10/CRC, Room 3-3142, Bethesda, MD 20892, Email 
hicksted@mail.nih.gov. 


more 


Deputy Director, National Institute on Aging (NIA) 


The Deparment of Heath and Human Services (HHS) andthe Natal ntti of Heath 
(Ns seking cancidates forthe postin of Depuy rector ofthe National Insti on Aging 
(NA) to support NIA mission of mprovng the heath and wellbeing cf ter Americans by 
 spporing and conducting high-qualty search on aging processes, age-elaed diseases, 
and speci problems and needs othe aed; raining and developing highly sled research 
sents tom all popdation goups, developing and manning slle-ttheart resources 
o acoerate research progres; and. devsonng and disseminating nformaton, ratory 
| and inematinaly and communicating wt he pub and interested groups on heath and 
research advances and on new drecons fr research, This positon wil assist he Dire 
cr NA in cocnaton ofall actvtes rtd to the mission and functions ofthe Ist, 
in the development and executin of plans and pois of the NA and inthe allocation of | 
resoerces. Agpcatsimay trowse he NA Home Page a htpaww nian gov for ational 
infomation on he Istte.Appicants mist possess an MD, Ph.D. or equivalent degree 
in biomes fi raed to the mission OFNIA and have professional experince wth a 
broad natoral programmatic or scenic background; have te demonstrated capably to 
plan and dec programs of national ad intemational importance; and have the abit to | 
communicate wih ad ob the cooperation o pubic, pale and naonlanditematonal 
cxarizatons and induas, Slay s commensurate wth qualia and expedience. 
Ful Federal benelisavable, Questions may be adressed to Melissa Fraczkowskl at 

ory phone at 301-451-8413, Appcabon packages ae inckde 
[2 CV, bbography, and statement atoressing the qualifications aninterest in the postion. 
white appcaion packages wil be accepted ul he poston fled, the application review | 
| rcess wil bain sty January, 2008, 


Mechanistic Neuronal Cell Biology 
Tenure-Track Investigator 
Intramural Program 


The Intramural Research Program ofthe National Institute of Neurological Disorders and Stroke invites applications 
from creative, interactive scientists to establish an independent research program exploring biophysical/molecular 
mechanisms of cellular processes in the nervous system. Candidates using a combination of structural and func- 
tional approaches interested in any area of cell biology important for nervous system function are encouraged to 
apply. Outstanding investigators interested in the fundamental mechanisms of membrane or cytoskeletal dynamics, 
or protcin trafficking, are particularly of interest, New investigators will be considered at the level of tenure-track 
investigator, and candidates with international reputations and well-documented evidence of substantial indepen- 
dent accomplishments will be considered at the level of tenured senior investigator. AMD or PhD degree and at 
least three years postdoctoral experience are required. Laboratory facilities, start-up and sustained research funds 
and salary will be competitive with premier academic institutions. Applicants should send the curriculum vitae 
including bibliography, statement of research interests and the names of three references to: Alan Koretsky, Sei- 
entific Director, NINDS, NIH, c/o Peggy Rollins, Building 35, Room GA908, 35 Convent Drive, MSC-3716, 
Bethesda, MD 20892-3716 or by email in one .pdf file to rollinsp@ninds.nih.gov. (Phone: 301-435-2232). 
Applications will be reviewed beginning November 30, 2007. 


DEPARTMENT OF HEALTH & HUMAN SERVICES 
NIMI NATIONAL INSTITUTES OF HEALTH 
Swen NATIONAL INSTITUTE OF MENTAL HEALTH 


Developmental Neurobiology Program 


‘The National Institute of Mental Health (NIMH) Division of Neuroscience and Basic Behavioral Research announces an opening for a Heath Sciences Administrator to 
‘uide and manage 2 grants program supporting basic research in developmental neurobiology. The Program Officer wil lead an innovative program aimed at discov- 
«ring fundamental mechanisms undertying the establishment of functional crautry in the developing central nervous system and elucidating factors that inflence 
‘neurodevelapment, especially in brain regions Important for the maturation of cognitive and emotional processes implicated in psychiatric disorders. This positon 
provides an opportunity to impact priorities, develop new research initiatives and to contribute to the advancement of a national program of neuredevelopmental 
‘esearch spanning molecular, cella, physiological, and systems levels of analyses, induding model systems and organisms. 


Individuals are encouraged to apply who have research experience using 8 broad range of methods, procedures and techniques to understand the mechanisms 
whereby intrinsic molecules, genetic factors, and extrinsic infuences impact pre- and post-natal developmental processes that determine adult brain function. Gen- 
eal responsibites will ncude administering and managing an extramural portfolio of research arent, interacting with researchers and program officers for related 
programs at NIMH, NIH, and other funding agencies, and developing new research iniatives. 


Candidates must be US. citizens and have a Ph.D. equivalent degree with post-doctoral research experience relevant to developmental neurobiology. Candidates 
should also have experience inthe grants process. The positon requires working both independently and colaboretvely. Strong organizational and oral and writen 
‘communication skils are also required. Salary will be commensurate with experience. A fll package of Chil Sevice benefits is available including retirement, heath 
and life insurance, leave, and savings plan (401k equivalent). 


Applications may be submitted beginning October 9 through December 10, 2007. Beginning October 9, offical application instructions can be found at the 
USMJobs Web Site (http:/ /wwnwusaiobs.gov), by searching on Vacancy Announcement NIMH-07-222652-DE. For further information about the application 
‘process, please contact Ms. LaDonna Daniels (DanielsL@mail.nih.gov) NIH Human Resources. For more details concerning the nature of this position, 
please contact Dr. Lois Winsky hwinsky@mail,nih,gov. With nationwide responsibility for improving the health and well being of all Americans, the Department 
Of Health & Human Services oversees the biomedical research programs of the National Institutes of Health (http:/ /www.os.dhhs.gov). 
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Stanford University 
STANFORD Department of Materials Science and Engineering 


MATERIALS SCIENCE Materials for Energy Faculty Opening 
AND ENGINEERING 


The Department of Materials Science and Engineering at Stanford University invites applications for a tenure-track position at the junior (untenured) 
Tevel, Applicants should hold an earned doctorate in a core engineering or science discipline and should have outstanding potential for establishing an 
independent research and teaching program focusing on materials for enengy science and technology with connections to energy supply or demand, energy 
conversion or transformation, or the environmental impacts of energy. 


We are especially interested ina person who would collaborate effectively with materials science faculty and students engaged in energy-related materials 

‘or those in other core areas of nanomaterials and biomaterials in the MSE department involving electronic, optical and photonic, magnetic, and 
‘mechanical properties. The successful candidate is expected to contribute to leadership in Stanford's mulidisciplinary materials effort which spans several 
departments and schools, including faculty in Chemical, Electrical, Mechanical, Civil and Environmental Engineering in the School of Engineering, in 
Physics, Applied Physics, Chemistry and Biology in the School of Humanities and Sciences, as well as atthe Stanford Synchrotron Radiation Labora- 
tory. We seck an individual who is committed fo excellence in teaching and to the mentoring of students. The successful candidate will be expected 10 
contribute to the teaching program of the department by offering core courses in materials science, as well as by developing new curricula in their own, 
area of specialization. 


Applicants should include a summary of thei educational and professional background, a curren list of published work, evidence of teaching experience 
and the names of at last dee referees who may be consulted by the search committe. An indication of how the candidate's experience matches the 
Position described above should also be given. Applicants are encouraged to write brief descriptions of their plan for future research and how those plans 
‘might be realized in a Stanford setting, as well as fo submit similar statements on teaching, focusing especially on thet vision of teaching to students in 
the Department of Materials Seience and Engineering. The appointment is expected to be made during 2008; applications should be submitted by March 
1, 2008, o: 
Professor Reinhold H. Dauskardt 
Chair, Search Committee 


phone:(680) 725-0679 
fax: (650) 725 — 4034 
e-mail: dauskardta stanford. 


Stanford University isan Equal Opportunity Employer and is committed to increasing the diversity of ts faculty. It welcomes nominations of and appli- 
‘cations from women andl minority groups, as well as others who would bring additional dimensions to the university research and teaching missions. 


FACULTY POSITIONS THE BRAIN INSTITUTE Faculty Peation in 


YESHIVA COLLEGE P. THE UNIVERSITY OF UTAH Proscnenpe hepa 
DEPARTMENT OF BIOLOGY catholique de Louvain 


(Louvain-la-Neuve, Belgium) 
Yeshiva College, the men’s undergraduate ‘are opened (10/01/2008) 
liberal arts college of Yeshiva University 
invites applications for three Assistant or | | | The Bran Insite at The Uiversty of Ura, Sat Lake rt Benet bdanret Phar alad 
Associate Professor tenure-track positions in] | | Gry seeks tof ane or more tenure-track positions in 
the Department of Biologyto begin Fall 2008 ‘éagrostc maging research. We ae particdaly emistry and in research 
These positions are part of the ongoing | | | ited in canites th enabled esech cial attention to the 
‘expansion and development of our department the appcaon of oonection between onganie chemistry and life 
Scarce eraccnececren | | |meermaseme mate iage | | | cemeces eee eure casey on 
teaching laboratories. (orders AMD, PhD or eget decor degree | | | be-molecular chemistry and especially protein 
Successful candidates are expected to develop Is requred. These positions are funded by the Utah Peary Acme pontony Nat 
Vigorous, extemally funded research programs | | | Scence,Yechology and Research Economic Department and/or the Insitute ofthe Life Se- 
involving undergraduates and to be | | | Development itive (USTAR). Through USTAR, the cacen wil bean act Infocial enquire: Pret 
‘outstanding: teachers. Preferred areas of | | | site of Utahisimesting moe than $15 milion per Yeerslacques Schneider yjsa uclouvaine 
interest are neurobiology. developmental | | | year new nds, pus atonal ong support to Fulltime Tenure-track Faculty Position in 
iogy, and computational biology ‘ecru wortlass scents and engineers. ‘Organic Chemistry; Ref: SCICHIMY/2008832 
Review of complete applications Profle: The sccesfuleandidate willbe volved 
‘ill begin on January 1, 2008. Interested appicarts shod emai aC, names of five fn teaching courses m general ebomistry and in 
‘elerences, a statement of research goals and ‘organic chemistry, aswell as in research in 
Applicants should submit curriculum vitae statement of teaching interest the Search ‘organic chemistry. A mulidtsciphinary activity 
‘Separate two-page statements of research and ‘Committee, USTAR Diagnostic Imaging facity search, at centred to organic synthesis and dealing with 
teaching interests, three representative | | | Pe Naas anes Or radte Dagnsc bro-orpanie chemistry andr the study of sruc- 


Feommendon ober Biaee Seach | | | eae CamesceTieBn beret | | | ier tomroce ewe onic Rien 
Committee, Office of the Dean, Yeshiva University of Utah, 383 Color Way, Fam. 32: ‘riantia chim.vel.ac.be 


College, 2495 Amsteniam Avenue, New York, Lae Oy UF £4108 
NY 10033-3512. BOE The Unity of ahs an EQAA ely encourages 
a a “eokaton am waren 2d rae, ad pode 
reasonable accommodation othe known cables of The Universit catholique dé Louvain tx 
@ Yeshiva University sppicarts and employees. commited to Equality of Opporteity it 


htt h Employment 


For exact application procedure, consult hutp: 
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FACULTY POSITIONS 
UNIVERSITY OF MICHIGAN 


MATERIALS SCIENCE 
AND ENGINEERING 


‘The University of Michigan Department of Matrls Science and Enginoaing. Collage 
Cf Engineering, has aperings for both tenured and tenure-track faculty postions. 
Applicants must have a Ph.D. degree, be qualfed o teach undergraduate ands 
<raduate courses in Materials Science and Enginaoring and are expected to develop 
indopendent and cooperative research programs. A demonstrated research record or 
potential is required. The profored areas of expertise include materials for energy 
Ccorwersion and storage as wal as photonic and phononic matarals, abou 
outstanding candidates aro welcomed in all reas. We sock candidates who wil 
Provide inspiration and leadership in research and contibuto actively to teaching, ard 
‘re especialy intersted in candidates who can contibute, through thei research 
toaching and/or service to the diversity and excolence of the academic communty 
The University of Michigan is responsive tothe nods of dual careor fares 


‘Send curriculum vitae and a list of references to: 
Prof. David C, Martin, Chairman, Search Committee 
Department of Materials Science and Engineering 
‘The University of Michigan 
2300 Hayward Street 
‘Ann Arbor, Mi 48109-2196 


Tho Unveraty of Mehpan a croc nal iat 


‘Yale University invites applications for faculty 
appointments at both the montenured (tenure 
track) and tenured levels in its Department 
of Biomedical Engineering. These faculty 
additions represent growth of the Faculty of 
Engineering andthe formation of unique ativi- 
ties uniting Yale Engineering with the Yale 
School of Medicine, New faculty members 
will collaborate with an already strong team 
of engincers, basic scientists, and clinical sci 
entists providing research and education atthe 
‘undergraduate and graduate levels. The areas of 
specialization are open, but Yale is particulaaly 
intrested in candidates with research interests 
inbiomaterials, biosensing, and biomechanics 
Successful candidates will have the potential 
to interact with existing foci of research in 
biomedical imaging, biosensing, biomechan- 
fes, drug delivery, and tissue engineering, 
Please send a complete CV, example publica- 
tions, rescarch/teaching plans, and the names 
of three references to: Professor W. Mark 
Saltzman, Yale University, Department of 
Biomedical Engineering, P.O. Box 208284, 
New Haven, CT 06520. The deadline for 
applications is December 31, 2007, 

Yale University isan Affirmative Action 

Equal Opportunity Emplover and welcomes 

‘applications from wo 

‘of minorities 


and members 


XS 


UNIVERSITY OF MISSOUR)- KANSAS CITY 
‘SCHOOL OF BIOLOGICAL SCIENCES 


Professor and Head, Division of Cell Biology and Biophysics 


Applications are invited for the Head of the Division of Cell Biology and Biophysics at 
the School of Biological Sciences, University of Missouri-Kansas City. The successful 
candidate should have a proven record of sustained extemally funded research, scholarly 
activity, and leadership potential, The candidate will be expected to participate in graduat 
and/or undergraduate teaching, faculty mentorship, and work closely with the Dean on dec 

natters pertaining to the growth, development and direction ofthe School. The 
School of Biological Sciences is positioning itself to become a regional leader inthe areas 
of structural biology and molecular cell biology and welcomes applications from qualified 
candidates in these research areas; however, outstanding scientists from all areas of basic 
life sciences research are encouraged to apply. The successful candidate will receive a 
competitive 12-month salary, renovated research space, a start-up package commensurate 
with rank, and the availablity of excellent research support facilities within the School of 
Biological Sciences. Candidates should have a Ph.D. degree and currently be in tenured 
academic position atthe rank of Professor. 


Please direct all inquiries or nominations to Dr. Lawrence A. Dreyfus, Dean, School of 
Biological Sci 

‘Word or pdf) a CV, a statement of present and futu 
addresses of 3 references to: dreyfusl@ umke.edu. All materials will be handled with strict 
confidentiality. The position will remain open until filled 


UMKC is an Affirmative Action/Equal Opportunity Employer. 
Women, minorities, veterans, and individuals with disabilities are encouraged to apply. 


Faculty Position 
Cell and Molecular Physiology 


‘The University of North Carolina 
at Chapel Hill 


‘The Department of Cell and Molecular Physiol 
‘ogy in the School of Medicine invites applica- 
tions fora tenured faculty position at the level 
of Full Professor. This position includes full 
‘membership in the UNC Kidney Center, We 
seek candidates in the field of kidney physiol- 
‘ogy who will advance the field of translational 
Kidney research and train students and post: 
doctoral fellows. While research will be the 
primary focus, this faculty member will have 
teaching and service obligations comparable 
with other full professors in the department 
‘An attractive startup package and laboratory 
spaces offered. Facully members are expected 
todevelop a strong externally funded research 
program and contribute to teaching graduate 
sand medical students. Applications must hold 
4 doctoral degree. 


Please submit the names of four potential ref: 
erences, curriculum vitae, statement of your 
proposed research program, and career goals 
by email to: research_goals(@med.une.edu; 
dames ML. Anderson. ALD. PRD, eo Mary 
Wright, Executive Assistant to Chair, 
Department of Cell and Molecular Physiok- 
‘ogy, School of Medicine, The University of 
North Carolina at Chapel Hill, CB #7543, 
6312 MBRB, Chapel Hill, North Carolina 
27599-7545. Closing Date: Until Filled 


UNC-CH isan 
Equal Opportunity Employer. 


Dean of Engineering 


‘The Univenity of Delaware invites nominations and applications for he position of Dean of the College of 
[Engincering, "The Dean provides acalemic leadenhip for over 100 fcsly ia five dcparimnts thst enol 
approrimately 1340 undergraduate and 500 graduate stents. The Collegeof Engincering i bome 1 x wide 
range of dieilines that support work-clss programs and (o cight escarch centers; 2 malsincipiary per 
spoctve is fostered and is of continual intrest the college. Enteral funding through contact and grants 
‘exceeds $45 million inthe college. Reporting directly tothe Provent, the Dean occwpics key oe i the life of 
the Univesity and must function effectively as pat ofthe central administrative team, clang ative pat 
pation in University developmeet acivitics. 


‘The Dean should ponscss an oustanding academic record consistent with a senio faulty appointment have 
ocriting and ftaining faculty of excellence, and be able to manage a complex academic cnt 
foster both vigareus research programs and excellent 
‘An ability to de 
on innovative academic programs and to promot the college’ increuts with ermal and exirmal constauce 
‘ies within the sie and athe national evel is apa forthe position. The Dean must be commited w in 
“isciphnary and muliculturalelucatin and have a cows of promting versity 


Science Careers 


‘With the most beautiful campus on the East Coat the University of Delaware is a community of 1549 under. 
sriduate and 3446 graduate students (wor wcadLady). thas 126 undergraduate majors, 82 master's progr 
‘nd 39 dactorl programs. ‘The University has » commitment 10 teaching excellence and innovation. UD is 

istiution that has lee grant sea gran, urban grant and wpuce grant stats, Extema fo 


THE BRAIN INSTITUTE 
p. THE UNIVERSITY OF UTAH 


The Brain institute at The University of Utah, Salt Lake 
Cty seeks to fll one or more tenure-track postions in 
brain crcut research. We are partclary intrested in 
candidates with established research programs in: (1) A 
particular crcutin the brain and ts behavioral utp, 
(2) Methods for genetic control of the activity of single 
‘as ina creat and (3) Eectrophysilogcal methods 
to record from such ells An M.D, Ph.D. or equivalent 
octral degree required. Potions are funded by the| 
Utah Science, Technology and Research Economic 
Development Initiative (USTAR) Through USTAR the 
State of Utah is ivesting more than $15 millon per 
ya in new funds, plus addtional ongoing support. 


Interested applicants should emall a CV, names o ve 
references, a statement of research goals and 
statement of teaching interest othe Search 
Commitee, USTAR Greuts ofthe Brain facuty search, a 


Review of applications wil begin on November nd will coatine unl th position slat. The Dean wil 
Ox, Nominations aed expressions of inktew will bs heb in confidence. Candidates 
should yubmit alec of interest, a detailed resume, snd the names and adlrewes of four references to Dean 
‘of Delaware, Newark, DE 19716; 

ahout the college, please visit he cal 


assume office on July 1 


‘Tom Apple, Chair, Engineering Search Committe, Kest Way, Univ 
ory email engsearchéfartci lel eds. For more informa 
web sits at woe wengrdeeds 


The UNIVERSITY OF DELAWARE is an Equal Opportunity Empleyer which 
encourages applications from Minority Group Members and Wane 


brain_creuts@unte utah edu. Or mal to: Greuts of 

the Bran Search Committe co The Brain Insitute at 

The University of Utah, 383 Colorow Way, in, 321, Salt 

(ake iy, UT 84108, 

The Unvwraty of Uta san EQIAA ampoyr, ncouragos 
‘pplcatons om women and meres, and provides. 
‘easonaie accomadation f the known daabitos of 

‘pplcans and employees 


http://brain.utah.edu 


UNIVERSITY 
FACULTY POSITION AT DREXEL UNIVERSITY 
Department of Bioscience and Biotechnology 


BIOLOGY 


‘The Department of Bioscience and Biotechnology has tenure-track 
‘openings atthe Assistant and Associate Professor Levels inthe Division 
‘of Organismal, Cellular and Molecular Biology. Successful candidates 
will lead new growth in an expanding department that is doing dynamic 
research. The Assistant Professor candidates should be prepared to estab- 
lish an externally funded research program. Applicants forthe level of 


Associate Professor should have already achieved external funding and 
‘an independent research program. Candidates should be prepared to teach 
in both the graduate and undergraduate programs. Successful candidates 
should be working in the areas of cell biology of eukaryotic cells, bio- 
chemistry, stem cell biology, virology, or viral immunology. 


Please send a CV, a statement of rescarch and teaching interests, and the 
names of three references to: 
Chair of the Biology Search Committee 
Department of Bioscience and Biotechnology 
Drexel University 
3141 Chestnut Street 
Philadelphia, PA 19104 
www.dreteledwhioscience 
Drexel University is an Equal Opporaity/Affirmative Action 


Emplover and encourages applications from qualified women, 
members of minority groups, disabled individuals, and veterans. 


SG 


Drexel 

UNIVERSITY 
FACULTY POSITION AT DREXEL UNIVERSITY 
Department of Bioscience and Biotechnology 


PLASMA BIOLOGY 


Drexel University is searching for a biologist with experience in cell 
biology. especially epithelial biology or wound healing, or molecular 
pathogenesis. Appointment will be made at either the Assistant or 
Associate Professor Level. The successful candidate will be committed 
to develop a dedicated research program in close collaborat 
interdisciplinary research institute focusing on medical appl 
electrically generated plasma, An ideal candidate will have knowledge 
‘and previous experience in the area of plasma chemistry and/or biology. 
Appointments at the Associate Professor level will be expected to have 
“Significant current funding in one of the deseribed areas Position requires 
PhD. in an area of biology, medicine, or other plasma biology related 
disciplines, as well asa strong research background and a commitment 
to undergraduate and graduate teaching, 
Please senda CV, a statement of research and teaching interests and the 
‘names of three references to 

Chait of the Plasma Biology Search Committee 

Department of Bioscience and Biotechnology 
Drexel University 
3141 Chestnut Street 
Philadelphia, PA 19104 
wnedrereLedwbiascience 


Drexel University is an Equal Opportunity/Affirmative Action 
Employer and encourages applications from qualified women, 
‘members of minority groups, disabled individuals, and veterans 


2 wel as. an extensive continuing 
‘education program. The language of 
Inetretont English. 


Founded in 1919, AUCs campus 
| cumenty located in Cako, Ege, 
ttl be moving toa nev, stale 
‘of the-artcampas in New Calo 
bagining Fall Semester, 2008, 
See the Hew Camus wet a 
wow. aucegypteduined 


-AUR's degree programe are 
cere y the Commission cn 
Higher Education ofthe Mile 
‘Stoles Assocation of Colleges 
‘and Schools Egireerng 
[orams ar accreted by ABET 
‘andthe Management program 

| accreted ty AACSB, The 
oma teaching lad is three 
‘courses per semestrand English 
‘she language of struction, 

For exatites, benefits clude 
housing, annual rund: tp aie 
travel or appointee and qualifying 
dependents, plus schooling or the 
‘equivalent of upto two chlren at 
Cairo American Colege.nvew 
‘of AUC protocol agreement with 
the Eojatin goverimert, wich 
requies specific proprens of 
Egyptian, US and tive-counry 
ize faculty, a this time 
preference wit be gwen to quaiied 
applcants who ae US. cers, 


Far morinformaton vit our wabste 
cat wwwaue 


TreAnetas nest Cao a 
iaeperdet spf aia 
‘entrant eq xp att 


THE AMERICAN 
UNIVERSITY IN CAIRO 


BIOTECHNOLOGY 


‘The School of Sciences and Enginering has bunched anew itercscpinary Mate of Science degree in Bitechnolgy. The Schools 
‘nvtng applicators for a faxuty positon n Bosformates. The candidate shoud have a sto tack record ol eachng ana research 
'nbiontematics wth broad compxtaorl nals’ experience induding bt nt Iritad to modeling poten and DNA etractions in 
networks or ajstems and computatonal an saisical analysis of sequencing and microarray data, Hehe is ao expected ead 
‘esearch activites inbinfomates and to cotaneale withthe Yous! Jameel Science ae Technolgy Resear Cant at ALC 


Positions BIOTEDH-1-08 


Requirements: 
‘The candle us hold a cota level degree with an educational backgreund in biology and comer scence. 


‘The succesful candice may be a biologi wih ackanaed dagres nnlrmaton éctlogy ora compute scientist specaied i 
‘nfrmation technology wih advances degrees in Belo. 


‘Additonal information: 
‘The facut sot cuts be Howsedn ether the Biclogy Department c the Desurment of Computer Science and Eneetng 


(ne-, two three-year apnchtment, sujet to ral agement wil bein September 2008, Renewal ofan appointment depends 
won intkuonal needs andor the apcointee’s performance 


‘The pion wit remain open unt Mec, however, tare date fr receiving aptcations is November 30, 2007. 
‘Applicants must submit the ftowing documents va online: 


} an updates C.¥ tf aleter of terest) a completed ALC Pesonalrformaton Form PF 
least tive reterences familar wit your prctescnalbackyroune, 


ames and contact ifort for a 


POST DOCTORAL TEACHING FELLOWSHIPS IN 
ASTRONOMY, BIOLOGY, CHEMISTRY, & PHYSICS 


‘The Amercan University in Caro (AUD) pleased to announce several new Post-Doctoral Teaching Felowshins for econ PhO. 
‘graduates. The feloaship ropram & mace possible by genercussteport from te Meton Foundation. Succestl applicants wil be 
Appointed as Pot-Doctral Teactng Felons wit the rank of vsting asitanteyofessce and wil become part of a unique program 
‘designe to rove young Schours with the copotunty to acquire the Alls and experience necessary for aucces in teaching, The 
[rogam also apples felows wit tave and oer suppor esearch purposes. n action, one of Rs pina cht iso rode 
‘ellws with unparalled opportunity fo observe, workin and eam about one cl the mod fascinating Couties inthe wok, Egyt. 


Fellows wil grimly teach students engaged in AU estan evel Core Carauben. The Cores designed to intoouce stents to 
‘he Reta ars and scences and includes vaio restman evel courses nthe humanities, social clenaes and sciences, Fellows 
‘wl wach Cote courses thal fic heir ersoral interests and Gectinary backgrounds. They wl ls have the oportnty to wach 
acon courses in their om of related sce whe a AUC. 


Requirements: 
‘Severa Felows wl be appcines to AUCs program of Post Doctoral Teaching Fellwshiss begining i fl 2008, 


‘Tobe eligible for appointment. applicants for Post-Doctoral Fetonstigs souls have recehe their Ph.D: wii thre calendar yeas ot 
‘he cate of agocatin. hb exceptional cases A B.D wil be constered. Teaching emeronce snot equred 


‘Adgitonal information: 
‘Suocesstulagokcants will hold. tem of appointment fr tree academic years; eceve support for travel associated wi aj search 
atthe end of the employment receive special research awarts ow to $5,000 per year, and pariioate ina month seminar hat ill 
rove Feliows wi an cgpotuny o meet and exchange eas and views with lacing scholars and inellectuas om both Egypt and 
the wider Arad wat, 


‘A applicants must submit he fallowing documents via online: 
an updates CV a eter of teres; a completed AUC Personal hormation Form PF) 


For complete details and application information: 
http://aucegypt.interviewexchange.com 
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Research Faculty Position 
Division of Medicinal Chemistry and Natural Products 
‘The University of North Carolina at Chapel Hill 
School of Pharmacy 
The University of North Carolin invites qualified scientists to apply fora Research Assistant Professor 
position inthe Division of Medicinal Chemistry and Natural Prodets and lnvestigator inthe Center for 
Integrative Chemical Biology and Drug Discovery. 
Roles and Responsibilities: 
* Create innovative IT and computational solutions to data creation, storage and analysis to support a 
{cam of medicinal chemists in hit discovery, SAR development and lad optimization. 
+ Manin ste of the art IT infrastructure and desktop wols fr data visualization, analysis and deci- 
sion making 
+ Effectively communicate work in oral and written form for intemal and external communication of 
Center activities. 
+ Collaborate effectively with scientists from across multiple disciplines 
+ Contribute to an environment for iterdisciplinary teamwork, constant learning and long-term excel- 
lence withia the Center. 
Experience: 
+ 3-5 years of IT and computational chemistry experience within the pharmaccutical industry 
+ Track cond of successfully enabling modicial chemistry programs va and computational chem- 
in. 
+ Thorough knowledge of IT systems and computational approaches to deug discovery and structure 
based drug design 
+ Familiarity with basi aspects of medicinal chemistry and pharmacology with substantial know kage 
‘of data analysis and statistical inference 
+ Track record of effective publication and presentation of scientific work. 
Edueation: Ph.D. in Computational Chemistry or Cheminformatics o demoastratedequivaleney though 
Primary authorship in peer-reviewed journals, 
Application willbe reviewed upon receipt and continue until the position is filled. Applications must 
ince: curiculum vita, and two leters of recommendation to be sent directly to the search commit, 
‘on your bebalf: Contact: Pro Division of 


Medicinal Chemistey an vy 
Chapel Hill, CB #7360, Beard Hall, Chapel Hil, NC 27599-7360; www.pharmacy.inc.edi. 


The Uniwrity of North Carolina at Chapel Hill i an Equal Opportunity Employer. Women and 
‘members of underrepresented minority groups are especially encouraged to appl 
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‘rom the joumal Science BYAAAS 


RESEARCH LABORATORY DIRECTOR, 
cking for Rescardh Laboratory Director at 
Carilion Clinic in Roanoke, Virginia dedicated 


ology, genomics, and call biology. 
Will he responsible for excarch collaboration, 
oversight of the laboratory, training. stafE 
‘maintaining the tissue hank. Terminal degree 
required with five to ten yea of expericnce 
To apply, vst website: hetp:/ /www.cariion, 
sbowe 


cays cusonn ave 
scant Goorma seec 
of or aoe 
Sear ser aoa 
pct i gtd 
fu nad be nd jl Sr sti of 
tions, community evolgy of host and natural chery 
fy Sanuary 31, 2008 tor De. John T. 1 
Piece hay trae 
Bina ste et 
Eaetewan ana leer 


Fimative Acton Engloyr 


sv Equal Oppoaunty/Af 


‘TWO TENURE-TRACK ASSISTANT PROFESSORS 
POPULATION GENETICISE and PLANT. 
ECOLOGISI/TAXONOMIST 

Applications are encouraged from candidates with 
4 Doctorate and at least «wo years oF postdoctoral 
‘experience in (1) population genetics and (2) plant 
‘ecology or plant taxonomy. Succesfia candidates are 
‘expected (0 participate in undergraduate and. grad 
taste teaching and to develop an externally funded 
research program, Send letir uf aplication, academic 
transcripts, atements of rescarch interests and teaching 
philosophy, curriculum wie, along with names and 
‘contact information for five references to: Cynthia 
Mondragon, School of Biological Sciences, Ross 
Hall, P.O. Box 92, University of Northern Colo: 


jweww.unco.cdu/ ahs/empl 
See ee at are 


tony.schountz@unco.eda. Review of applications 


Begas November 30, 2007. UNC is an Affirmative 
Action Equal Opportunity, Expy: 


Chair 
Department of 
Microbiology & 

Immunology 
Emory University School 
of Medicine 


Emory University School of Medicine invites nominations 
and applications for the position of Chair of the 
Department of Microbiology & Immunology 
(http://www microbiology.emoryedu/. 


This is an outstanding opportunity to lead a premier basic 
science department with established strengths in research 
and training. The Department maintains a dynamic 
research intansve environment that provides excellent 
opportunities for pre- and postdoctoral training and 

ors effective educational programs for Mecieal 
students and Physician Assistants students. On a national 
level, the department is currently ranked #7 in total NIH 
funding in the US and Canada, and dve to steady gains 
in research funding has maintained a consistent presence 
a5 a top ten leading department in the fields of 
microbiology, immunology and vaccinology research 


The Department also holds a unique position due to 
extensive interactions and collaborations with the Centers 
for Disease Control (CDC), directly adjacent to Emory, 
and other external institutions in the local area; its strong 
interdepartmental links and collaborations, and its 
participation in interiscipinary research programs and 
enters such as Emory Vaccine Center, Influenza 
Pathogenesis and Immunology Research Center and the 
Center for AIDS Research. The Department is also making 
significant contributions to Global Health. Atlanta has a 
reputation as a powerhouse for Global Health, and this 
just got another boost with the establishment of a new 
$110 millon funded Global Health Institute at Emory. The 
institute will work globally to cure disease, develop 
vaccines, develop health infrastructures, expand research 
collaborations and train scientists and students. The 
Department has also benefited through funding of a 
vaccine partnership with the Intemational Center for 
Genetic Engineering and Biotechnology in New Deh, 
India and a consortium that includes the School of 
Medicine's new NiH-funded Center for Excellence for 
Influenza Research and Surveillance and the Harbin 
Veterinary Research Institute in China. 


We seek an individual with outstanding leadership 
capabilities, proven academic and administrative 
experience, the vision to build and sustain programs at 
the forefront of microbiological and immunological 
research, and a commitment to excellence. Candidates 
must have demonstrated leadership in research, 
education, and administration. Salary and benefits are 
highly competitive, 


Applicants should submit a letter of interest and a current 
curriculum vitae along with names and addresses of three 
references via email to MWILL26@emory.edu 


perennial &) EMORY 


‘and nomination of qualified 
MEDICINE 


‘minority and female 
candidates 


f@ UNC 


PHARMACY 


Research Faculty Position 
Division of Medicinal Chemistry 
and Natural Products 
The University of North Carolina at Chapel Hill 
School of Pharmacy 


‘The University of North Carolina invites qualified scientists to apply 
fora Research Associate or Assistant Professor position inthe Division 
of Medicinal Chemistry and Natural Products and Investigator in the 
Center for Integrative Chemical Biology and Drug Discovery. 


rescarch associate chemists in the progression of novel biological 
targets of therapeutic relevance through the hit discovery to lead 
‘optimization stage of drug andor tool compound discovery. 

+ Evaluate novel biological targets for tractability and validity. 

* Create innovative chemical plans for efficient developmet 


of 
structure-activity relationships and optimization of ‘drug-like” 
physicochemical properties 

‘+ Maintain state of theart laboratory for parallel organic synthesis, 
‘characterization and purification of small organic compounds, 

+ Effectively communicate work in oral and written form for internal 
and extemal communication of Center activities 

*+ Collaborate effectively with scientists from across multiple 
disciplines. 

+ Develop innovative and fundable proposals for target progression 
‘and exploration of chemical biology of target systems within the 
Comer, 

+ Contribute to an environment for interdisciplinary teamwork, 
constant learning and long-term excellence within the Center 


Experience: 

‘+ 5-1Syears of maticinal chemistry experience within the pharma 
‘ccutical industry. 

+ Extensive track record of successful hit discovery and lead opti- 
‘mization as demonstrated by contribution to selection of drug 
candidates for development 

+ Thorough knowledge of organic synthesis and parallel approaches 
‘to preparation, characterization and purification of organic com- 
pounds. 

‘+ Familiarity with basic aspects of eell biology and pharmacoloxy 
‘with substantial knowledge of assay development, compound 
profiling and data analysis. 

+ Track record of effective publication and presentation of scientific 
work, 

+ Supervisory experience with a demonstrated ability to develop 
‘other scientists within the discipline of organic and medicinal 
chemistry. 


Education: Ph.D. in Organic o Medicinal Chemistry or demonstrated 
equivalency through primary authorship in pecr-reviewed journals, 


Applications will be reviewed upon receipt and continue until the 
position is filled. Women and members of under-represented minority 
‘groups are especially encouraged to apply. Applications must include: 
curriculum vitae, and two lettersof recommendation to be sent directly 
to the search committee, on your behalf, Contact: 

Prot. Stephen V. Frye, PhD 

Chair of the Search Committee 
Division of Medicinal Chemistry and Natural Products 
School of Pharmacy, University of North Carolina at Chapel Hill 
CB #7360, Beard Hall 
(Chapel Hill, NC 27599-7360 


www pharmacyane.edu 


The University of North Carolina at Chapel Hill isan Equat 
Opportunity Employer. Women and members of under-represented 
‘minority groups are expecially encouraged to appl 
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POSITIONS OPEN 


JAMES BUCHANAN BRADY 
‘UROLOGICAL INSTITUTE 
‘The Johns Hopkins Hospital 

‘The Department of Urology of the Johns Hopkins 
University School of Medicine is secking applications 
from outstanding scientists for a new faculty position 
in the areas of stem cell biology and engineering, or 
developmental biology. This is a full-time tenure 
track position, expected to start as an ASSISTANT 
PROFESSOR, bur the rank will be commensurate 
With experience. Applicants should have a doctoral 
degree and substantal postdoctoral experience, and 
bbe committed and able to develop an independent, 
exramurally fnded research program. Candidates 
With established funding suppor are preferred, 

Please forward letters of application, with curr 
‘ulm vitae and mames/addreses of at least three 
references to 

Robert H, Getzenberg, Ph.D. 
Director of Urological Research 
James Buchanan Brady Urological Institute 
‘The Johns Hopkins Hospital 
‘600 North Wolfe Sereet 
‘Marburg 121 
Baltimore, MD 21287 

The Jone Hopkins Univoity & an Equal Oppormndty 
mplayer sud docs wat dsciinate wn the bass of re, lr, 

de, lig, ae, xl wrentaton, wand or el 
fn by, aril st, veto status, any ther 
‘copatvally devant etera. The Univertypromates 
Fiematve Actin for mires, wom, sable pers, 
steams. The Jolas Hopkins Univesity 4 smol-fre vei 
ronmental &s sh, pits smi in all fie. The 
Jel Hophins Univentty i drug wpa 


California State University, San Marcos secks a 
ANIMAL PHYSIOLOGIST” foes tenure track 
ASSISTANT PROFESSORSHIP beginning. ll 
2008. Applicants must have a Ph.D. inthe biological 
Aiences with taining and esearch a physiology. All 
ons of physiology wil be considered how 
focus on invertebrate stems 
ned to apply. Postdoctoral re 
scar an! previous teaching experience is preferred 
The successful applicant will have a strong commit 
‘nent to uradergraduate education and shoukl have 3 
emonstrated. ability or potential to effectively in 
‘nuct urlergaduate and graduate studeres eta 
cramp and deep a independent 
research program with tnlergraduste sed gpaduate 
Sedene "Tethog raponalias wil ictal ee 
Combination ofa logy major cere physilony course, 
Upper vision pico electives peter) with 3 
laboratory section), upper aivision general elucation 
coures atl yraluae/ abanced undergraduate eure 
in andidate's area of expertise. For postion deals 
eaten instructions, please sce our website: 
FaScardhes. Screch 
008, and 
Position is fled. Cajomit Site Unorm 
9 Mao an Armas Ason/ Ep Oppo 
tine IN Employer. The Univenity has a some 
tnt w the pele of dost anki tha sey 
tesa ra est of eid dng woe, eben 
‘minty ps aa pope th dias 


ASSISTANT PROFESSOR, University of Cal- 
‘fornia, Davis, ‘Tenure-track faculty postion asso 
ciated with the Foods for Health’ Initiative in 
Department of Chemical Engineering and Materials 
Science and Department of Food Science and 
Technology in biochemical engineering, biomated 
als, biophotonics, food engineering, biochemistry, 
‘o's related field. Applicants are expected to bold = 
Ph.D. ina relevant area. Apply at website: 


‘www. chms.ucdavis.edu fe ‘pos 
Seca ee 


ation, submit applications no later than December 3, 
2007, Stare date of July 1, 2008. UC Duss ue a 
“Afiemaice Action Esl Eps pnt Oppotinty Employer 
Sand deel 10 muti diverse fey cman 
teekome all qualified appears 1 apply, toclading wore, 
‘mined, indents wit dae, snd wets 
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ITIONS OPEN 


UAF 


FAIRBANKS 

The School of Fisheries and Ocean Sciences 
(SEOS) 3t the Univenity of Alaska Faicbanks (VAP) 
inites applications for two MARINE BIOLOGIST 
vacancies specializing in early life ecology and 
mammalogy /population genetics. Both postions 
are ASSISTANT/ASSOCIATE PROFESSOR, 
tenure-track faculty positions within the SEOS 
Institute of Marine Science located in Fairbanks, 
‘Alaska. To leam more about the School please vist 


ion career co be oe weir ee 
“Sin inion car 
sapegebsiasten isc porns OTE 
tastes 


FACULTY POSITION in BIOCHEMISTRY 
University of California, San Diego 
‘The Department of Chemistey and Biochemistry 


of University of Californina, San Diego (wel 
/ /weww-chem.uesd.eda) invites applications 
ee arse pation os ie chemy 
Candidates must have a Th.D. and a demonstrate 
ability for creative research and teaching at the 
Undergraduate and graduate levels, The Department 
will consider applicants whose research applies. ex 
Perimental methods of structural analysis t0 bio 
polymers and their functional compleses, induding, 
hhuclear magnetic resonance or ether types of spec 
troscopy, difraction, o¢ microscopy, or combinations 
these methods. Salary is commensurate with qual 
fications and based on University of California pay 
scale. Applicants are asked to submit materials 0 
at website: heep:// www-che oeruit 
index. cfm? “One 


FACULTY POSITION in INFECTIOUS DISEASES 
Fred Hutchinson Cancer Research Center and the 
Univenity of Washington 

‘The Fred Hutchinson Cancer Research Center 
(FHCRC) and the University of Washington (UW) 
are jointly recruiting a fulltime faculty position at 
the ‘ASSISTANT or ASSOCIATE MEMBER/ 
PROFESSOR level for 2 faculty: position in the 
Program in Infectious Diseases inthe Clinical 
Research Division of the FHCRC and the Division 
of Allergy and Infectious Disease at the UW, with 
preference being given to those who study fungal 
sexes, A Doctorate degree is required. The indi 
vidual will be expected to develop independent re 
search programs, University of Washington faculty 
cenxage in teaching, research, and service. Excellent 
‘ollabneations are avalable with scientists in clinical, 
fmolecilar medicine, and basi sciences at the FHCRC 
and the UW, Salary depends on experience an excel 
iene benefits, Interested candidates muy subwit cur 
Fieulum vitae, s concise statement of thei research plan, 
tnd thece reference letters t 

Lawrence Corey, M.D. 
Head, Program in Infectious Discases 
Fred Hutchinson Cancer Research Center 
1100 Fairview Avenue N., LE-S00 
P.O. Box 19024 
Seattle, WA 98109 

cation review will continue until the position 
is filled re 

The Uisenity of Washington and the Fed Huthioson 
Caner Reeaks Cove se ABirative Aion, Eual Oppee- 
tumity Employer, dedicated the goof ling a ctoraly 
diene sad poral faulty and st] awormatted 6 wacing 
and woding bs 4 emtialial corvonanet, and engty ev 
Courage appt fn women, mins, inddnal wit 
Buabtbns, and sooted vets 


POSTDOCTORAL RESEARCH ASSOCIATE 
Texas Tech Usivenity Heath Sciences Center in 
Labbock, Teas, his ooo postions svat fr 3 Dost 
dost Research Auodate. The two Postdoctoral 
ons are avilable to conduct rescarch on mo 
Kear an iemamlogel apc of bain a 
ates with spec cmphasa on DNA ‘accincs for 
ichstosomest Another aca of incre 3B pens 
in nematodes. APh.D. degree and experence inthe 
fei of meecule blog or imemamolay rogue 
Salary wil be bated on qualifications and experience. 
For niin information and to app, log on © 
srebaitehatp://jobetenastechdu and reer w 
Teopston numbers 74607 and 74648. Ia addition 
to appting online, plese scrid resumes along ih 
(ommkr eftromttn of thee references toc Afzal A. 
Siddiqui, Ph.D., Microbiology and Immanology, 
‘Texas Tech University Health Sciences Contr 
3601 4th Sercet, Mail Stop 6591, Lubbock, TX 
79430-6591; telephone: 806-743-2638 (office), 
fax: 806-743-2334; mal afealsiddigui@etuhse. 
edu TTUHSC tc av Eg Explopmen Opps 
imac Aeon Exper 


Ke, cial ae, comple fs of pubations, 
samples of plished rear, and statement of yout 
teaching eaperience. Please arrange for thrce refer 
cence letters to be mailed directly by references 
Chair, Biochemistry Search Committee, 4-984, 
University of California, San Diego, Department 
of Chemistry and Biochemistry, La Jolla, CA 
92093-0332. ‘The deadline for’ applications is 
December 1, 2007, but until position is filled, all 

ications Feeeived will be assured full considera 
Won, UCSD i an Equi! Oppornty/Afiowanve Acton 
ployer with sty into avn He ab 
ment ively 


FACULTY POSITIONS in THEORETICAL, 
PHYSICAL CHEMISTRY 
University of California, San Diego 

Chemist 


and Biochemistry 


ncouraged app 
Ganidates mat fave 4 PhD. in pynal chem 
fra related field wth asta record of esearch 
Sccomplishment and an annonaive recur plan, 
Tie utcrsfl candiate wil be expoctd to teath a 
but the graduate and uraengraduat levels, Salary is 
coe ith ulate alo 
‘ersty of Calforia py scale. Applicants ae asked to 
Soca cover leer, curriculum ve, complete Ua 
of publications samples of publahed research, and 
{statement of their teaching experience, onlte a 
treba: hap: // weed 
inden cane a 

ance Kier (0 Ge med directly 
{or Chait, Physical Search Committee 4986, 
Department oF Chemistry and. ‘Biochemistry 


University of California, San Diego, 9500 Gil? 
man Drive, Mail Code 0332, La’ Jolla, CA 
92093-0332. The deadline for applications is 


December 1, 2007, but until the postion i filled, 
ab applications received will be augur full cont 
texation. UCSD sea Equal Opportunity /ABiamative Acti 
Enployer with a stoag asta! aommitment 10 the 
‘shaevament of dest 


rt eis 
Re ar 
mag SO DOCTONA mona 
asta: Seceaers 
Soe 
peyote 
eo 
ee 


www.sciencecareers.org 


e 
5 
e 
& 
) 
rm 
C 
g 
a 


ee 

scale ae 
ee 

non 

ioe cad 
metiheees teres meant 
Tent nenleaaeis 
See uenolecorie 
poe 
peg eee 
ieaeneemeatinener? 


will be given full consideration. Mease submit cur 

riculum Vitae, a set of representative reprints, and. a 

mn.of research interests and goals. Ln 

audition, arrange for three letters of reference to be 
Submitted on your behal 

Alfred Ayala, Ph. 

¢/o Ms, Courtney Coco (email: ecoto@ if 


Profesor ofS 
Dison of Sur Rec Depron 
Rha tabi Hopital The Warren Alpe 
Scuola Brown Univenity 
‘Aldrich 230, 893 Eddy Street 
Providence, RL 02903 

Rev splat hg hat and cine 
sna cna ssl or tesa ed Re and 
Hapa ca Fgud Opty Armas Aas Epler 
‘ike ‘as pp font moe, 
peered pr 


CONSERVATION BIOLOGIST 
Desert Botanial Ganten, Phoenix, Arizona 
Research positon ia one of the world's major 

tutanal gardens spelizing in dese planes The 

siccouful applicant wil inchs molecular genetics 

Zpproacher In reach om conservation Widogy a 

pins in aid roqios, Response includ son 

orginal research, scking extramural fond 
ling, amt cooperating with other departments in the 

‘levelopment of exibits and educational programs 

Pega, Sen curdum vie and one 

page dns of rah aprons a 

Sling with names aed sontac information 

teeta tor Ms; Mary Cale, Duce of ae 

‘tian Resources, Desert Botanieal Garden, 1201 

Ni Galvin Parkway, 

GF aplisions wil begin January 18 

Shpllcions wil be acepeedtunt pion i lied 

Be ga Opti Egy 


A POSTDOCTORAL POSITION is silsble 
wo aay the le of ane i the fraction 
fetween apoptens and agg. Rescarch interests 
enter on the development and use of n0¥e 

Strumentaion uo observe real time espe 2 activ 
ining cl at andl asl ic 
tiphoton Mudeecence hime optical aging ys 
{en using streak camera detection wil be the major 
technology employed A PRD. prably inthe io 
phvakal scenes with epeienee in opie micrecopy 
iid: Sen curiculum vac and three kes 
‘commendation tor Dr. Brian Herman, Profes: 
or, Cellular and Structural Biology, Ualvercy 
‘of Kexan Health Science Center, 7203 Boyd Curl 
Drive, Mail Code 7763, San Antonio, TX 78229- 


POSITIONS 


se OHIO 


UNIVERSITY 
The Deparment of Biomedical Sciences at the 
Obio Uninersty College of Osteopathic Medicine in 
80 apaliations fran I mond appotment 
tenure-track ASSISTANT/ASSOCIATE PRO- 
FESSOR in PHYSIOLOGY. This individual will 
be expected to establish and maintain an active, ex 
‘erally fanded research program. Collaboration’ are 
dosrable in the College's areas of strength. Please 
Visit our webwite for more information (website: 


thr: fore oucom ohio edu/dbms. The suc 
ten physiology’ to enable participation in the delivery 


‘of our integrated medical curriculum 
A Ph.D. (or equivalent) and a minimum of two 


EN 


years of postdoctoral training are required, Salary 
Will ke commensurate with experience. To apply, cur 
culm vite and aatemcets of research and teaching. 


interess and experioner must be submitted online at 
website: http://www .ohiouniversityjobs.co 
licamts ickFind ‘Also ma 


POSITIONS OPEN 


INTERDISCIPLINARY SCIENTIST 

RESEARCH GEOLOGIST/BIOLOGIST 

rt of Paleobiology 
National Muscum of Natural History 
Smithsonian Institution 

‘The Smithsonian's National Museum of Natural 
History socks 1 PALEONTOLOGIST to conduct 
an integrative, collections based research program in 
tpondinosaurian vertebrates. The successful candidate 
expected to utilize modern methods in pursing 
research in one or more of the following areas of 
‘emphasis: evolution, paleoecology, morphology, phy: 
logenetics, or biogeography. Frequent publication in 
peer-reviewed joumals in specialty areas is expected, 
5s & curation of appropriate collections and pati 
ipation in the scientific community in 3 manner cons 
mensurate with emerging leadership in the area of 
specialty 

The pusition is initially 4 four 
and will be filed at the GS-12 level (salary range is 
$66,767 to $86,801 per year, commensurate with, 
eqpericnce.) Reference specific application, proce: 
‘dures in actual announcement; see website: he 
‘wwwsilr.sieda or contaa Audrey Davis at 


ear appointment 


representative papers, and arange to have three 
beet of ecommnsiicin set por Shasta Ian, 


University, Athens, OH 45701, For quest 
the postion, contact De. Inman at e-mail iemans® 
‘ohioedu, Position wil remains opened urn filled: Tor 
Till conskicration apply by December 1, 2007, 1 srk 
4 canhiae wich 4 commément 10 working cite wih 
iuadon, faut, aad if fom deme acount Obie 
Univency a Afirman Aan, Equa Opportunity Ee 
‘oper wth « Dual Caer Neto (wchate! hep Hw. 
‘hio.ebu/dua). 


PLANT EVOLUTION and BIODIVERSITY 
Harvand University 
Departmen of Onjaninmic and Evolutionary Bio 
The Department of Organisic and Evolutionary 
idogy (OEB) at Harvard Universty invites app 
‘ations for 2 TENURE TRACK FACULTY PO- 
SITION in plan evolution and diversity. We sek wo 
appoint an individual who. we phylogenetic ap 
Prowches wo aces fundamcneal questo regan 
nthe origin and maintenance of verity in plsoe 
cages aoe cera, Rovarchen fine nt 
swear cp ach oem 
sperms, normced ln plants, and ge are Apel 
“heuraged to apph. Applicnts wil be ewptted 
Sevdlop an innovative roxcarch progam and con 
tnbute 0 teaching at the undergraduate apd rad 
tate level. Appicahons fram, or taformation about, 
female and manonty candidates are encouraged. TS 
search is part ofa broader iniiaive xo develop con 
pchemte reach programs in plant biology an 
Srolaton at Flared University. The Deparinent 
fas strong linkages to 2 numberof alle instations, 
ckuling the Harvard Foret, Amok Arrctom, 
Heard University Herharay and Harvard Centre 
forthe Environment 


‘Applicants should submit the following 
tion materials online (to website: ape. 
lsd hervard.edu/ocb/fecekpoeuch/peb): oir 
fant Vitae, setements OF recarh saW Teaching 
ingerests and representative publications: and arrange 
for three references to be uploaded to the website 
Letters of nomination from thinl parties are ali 
‘welcome and may be sent sia email toc Elena M. 
Kramer, Professor of Biology, c/o Katie Parodi, 
emai j@och.harvard.edu. Review of appli 
Exons ll gg on Decor 1; 2007 
Further information about OER is avaiae at 
website: hutp://www.ocb harvard.edu; informs 
ioe secre ene ane Niegr bine 


Harvard can be found at website: hexp://www. 


fxvaal Unerrsty © 1 Affine Acion/Epual Op- 


3900; c-maik hermanb@uthsesa.cdu; website: 
tp://www. jesearch/. The Uivowni- | pbi.fas.harvard.cdu. 
1 oF Vexar Heal Sane Covter tw Sari Avie i as 

Equal Opportnity/Atfnnatioe Action Epler, poeta Employer 
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Phone BO2GTY-G298. The annuncsment wil 
pen on Octeher 17, 2007. Applications mu be 
tec by November 28,2007, aol mnt reerende 
Saucer number: 08 AD-293837 JN NMINEL 
{Category rang). hiss an atenssiphinry postion 
sve yee exch Goto dr Re 
Primary dicptine All ppicions wil be noted by 
Smal or telephone when thelr appheaion i re 
eed U.S ons amped The Sona at 
St a Eyal Opry Epp. 


SreM CELL INITIATIVE 
University of North Carolina at Chapel Hill 
The Univeraty of North Carolina at Chape Hil 

indeceapicarans fer oro eaten potion tthe 

ASSISTANT PROFESSOR lev it se cel bel 

af Ti target hogs ae pr fa Stoo, 

Chi traaere wo expend or Dopamine arena 

Seve coll esetonal rere Each rascilcon 

es wl eapecid ts devdep a ig, otal 

Sesto rch fpop booed om ciara et 

tls rurd tio? biology of enbeyenie or Sl 

ftom cel, Speife em Include (1) Reranch ex 

Hing the eecocor regain of injec am 

Ea pssptcnany and arent, icing ge 

tee remoccing and cuccar reprogramming: (3) 

Aative research programs focined om defining the 

Terentia of bod! etbryonic an ale tem cele 

Be wrennenr of nevrlopel docnes 
‘tt sa ae 2 Pe MD 

wep cr py of cara 
Terra wih descipeioa of pa esearch ace 

fs wo 


tas @med.unc.ede. Four 
tess of recommendion (hard copy) thou be 


Dr. Larysa Pev 
University of North Carolina at Sapa Ha 
'8109b Neuroscience Research Buil 
us Box #7250 
Chapel Hill, NC 27599-7250 
Applecsion deullve: open ww fill. The Univenity of 
Nod) Cans ae Chae! Hil ean Eqn Oppnnity/ADA 
Employer. Wome aad minors are enawnged 08 apply. 


ASSISTANT PROFESSOR. in ENVIRON- 
MENTAL CHEMISTRY, Southern Illinois Ut 
venity, Edwardsville. The Department of Chemist 


and the Environmental Sciences Program invite ap. 
Flications for a tenure-track appointment to begin in 
‘August 2008. We are a comprehensive sate univer 
sity offering a wide variety of undergraduate and 
masters programs. A Ph.D. is required; postdoctoral 
experience is desired. Application procalures are found 


www.sciencecareers.org 
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POSITIONS OPEN 


The Deparment of Population Heath at the 
Univenity of Georgia scding custanding cond 
dates wih 3 PRD. for 3 enue rack fculy postion 
A the wank of ASSISTANT/ASSOCIATE PRO- 
FESSOR in the area of molecular vivlogy. The 
DAM. doe in alien t 4 PRD. i pla Pe 
erence wi be ge tne wth mach ire 
in negative cand RNA viewex The applicant 
tequbad ts havea PhD. bya loge sttoce ora 
felted eld and should ideally have three to fe 
{ears of pondoctorl experience in moleclar vr 
Say ncading vie olde Hcl, sn scare, 
int pathoprn interns, a ns evant, Ex 
peri in cellar boy woul Be abe May, 
the candiae should hive a record of extraeraly 
fn each een Pe 
resiewal publications. 

“The sucess candids will he expected to es 
tablish an ifependent aa external funded esearch 
Program focused on pouty beats and devclop 3 
Eaduate level course i general virology with the 
Fcason animal sine. Thu, experince i teaching 
tthe ualngraduate and graduate keels deseable 

in aldition, the fculy member Is expected 0 
work aa team member snd colborate within the 
Department preniding support wo cnc fculy and 
felt vecridrans, withthe sim of soking dese 
problems in the poultry industry 

The potion located atthe Pouksy Disgnatic 
and Meearch Center (PDRC), The PDRC is unit 
wahin the Colle of Vacrinary Medicine totally 
Toaisel on research, service and instruction. pro 
fame rated tothe poulty indy. The environ 
‘ent i highly iterative and prodacive with cone 
tis toall baie scence depanitens, far recarch 
fallin, and other aca lnntations nearby 


‘with names adres, ce 
Teferences (none PDF fe) by 31 December 2007, 
inv ermal wr Dr. Egbert Mundt, e-mail: unde 

edu or by malo: De. Egbert Munde, Depart 
‘ant of Population Healthy 983 College Station 
Road, Athens, GA 30602: Apoation, wil be 
énvertsinal unl the postion is Bed. The Unity 


of Georg prtty Anat: Asian 
Tnnon eas 
CHAIRPERSON 
Departmen of Physics 
lorchouse College 


Morchouse College invites applications foe the 
ponition of Chairpenwon of the Department of Phys 
{Gs eriecive July 1, 2008. Apphicanes shoul add a 
oat npn, and hn appropiate ese 
anil teaching experice w quali for an apes 
St citer the ASSOCIATE or FULL PROFESSOR 
level. We seck an effective and imaginative Adminis 
rao. AS an undergraduate insitation, Morehouse 
‘alle excellence in teaching, research, and mentor 
ing. The successful applicant shoul demonstrate a 
cspacity to assume leadership roe in the Depart 
"cat, will be expected to maintain an active reseach 
progam, an 0 havea arn comment to 
aneing the teaching and research capacity of the 
Department. For more infirmation on the Depart 
‘ment and College, Wat Our website: heeps/ /wrew. 
teorchoureaste Pr sabes fll ertecter Vise 
“ni a offal copy of a graduate school transcript 
iby January 23,2008, and also prone the nares 
thrce profesional references fram whow the Colles 
‘will euest ference letters by the same dite to: 
J.K. Haynes, Ph.D. 
Dean, Division of Science and Mathematics 
‘Morchouse College 
830 Westview Drive, S.W. 
‘Addanta, GA 30314 
Mochowse Calla a pl Opportnity Amie 
Acton Empl 


1016 


‘TENURE-TRACK AVIAN ECOLOGIST 

Weed a clegie whos Rigby commited 
wo teaching beige, model tndcrgraate, 
i lctre, Hick besnory, snd rear vers, 
2 anatonalyroked depanment i Hla re 
Gedloge wah sarong er of corm. Teac 
ing poms cede coerce i our 
orci cane, aur It sn 
temic pas tooo le sped 
coun The folowing ae Suet shure 
Conminmt w colbeiathe walt cy 
serch, to periake lenlip of tips to the 
tropics and wo sharing » bv unkentanding 
thru fio: PRD. ragared, postdocteal 
freferro and we wil begin realing applica 
Sins on December 1, 2007, Send cove etter, 
Coiculum vise, and teacling phiknopty and 
trscarch stances and arrange to bate tee 
Kite of reference ton to: Dee Bren Sich, 


Dapeceaett oe Belay Same Ces 
IN 47374 (website: 
eathan.eda/ bid. en 
Fao fo ApvannAmerians and 


itis, women, sat Cae, 


FACULTY POSITIONS in ORGANIC CHEMISTRY 
‘University of California, San Diego 
The Deparment of Chemistry and Biochem 
‘of Univenity of California, San Diego (website: 
hp: //eruw chem ucudeda) inves applications 
ee coe 
ATED. or oplvaeat Gegree in onc ofthe chemical 
seiences is required, Candudates are expected wo 
‘tablish a vigorous and original cesearch program 
and be capable of oustanding teaching at the 
indergraduate and graduate kveb. Salary, commen 
ate with qualifications and experience, is based on 
faiversity of California pay scale. Applicants are 
asked to submit curiculum vitae, 2 summary of re 
‘of publications online 


pa ae 
Hise eazence ees nf mad rey by neh 
Sons Char, Ori Sac Cnn 98 
Daivesiey of Calitraia, San Dicgo, Deparomcat 
ac Chemty ‘and Biohewiy 9800. Cian 
0332, La Jolla, CA 92093-0332. 
ips Bese ty 2007 
he position ll CSD. 


POSTDOCTORAL ASSOCIATE 


Postdoctoral postions, available starting immed 
ately, to study DNA damage and repair in the MIT 


mouse mondek to study the rebtionshin beeen 
“xponures, mutations, and cancer with particular 
fits on DNA damage: Recme involved in making 
hovel tranogenie anima deaned to. detect s¢ 
{gence resrangemetts atl coral expansion Poe 
tho = mcroflini device for studi of DNA damn 
age and repair: Work wih enginces to invert acw 
{ook foe gh throughput arajas of DNA damage 
levels in human cela: Expo novel technokogis 
suny pencenveonscat interacioes that promote 
‘Cancer’ Doctor i biology or relied subj 
peed. 

Testing ot x conpene tei roca fr cine 
yea; supp ts aad fr wp 00 tee yea: Soul 

Spplcattie materia o: Prof. Bevin P. Engelward, 


(02139-4307; or to email: bevin@miteds. Eyal 
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POSITIONS OPEN 


FACULTY POSITIONS in 
CARDIOVASCULAR BIOLOGY 
University of Cincinnati 
Molecular Gencties /Biochemistry/ Microbiology 

Cardiovascular investigatory sought for tenure track 
ASSISTANT, ASSOCIATE, or FULL PROFES- 
SOR FACULTY penitions inthe Depactmcnts of Met 
sine or Molecular Genais/ Biochemistry Microbiology 
to work with the exsting Interdiiplinary Cardionay 
‘ilar Center of Excellence. The Univenity of Cincin 
bata pat ofits Cardionascular Initiative, f seeking 
individuals who have a strong and competitive car 
SSovascular research peoggams. The University tends 
to supplement its already prominent cardiovascular 
‘poup, whichincludes experts in cell signaling, gene 
‘exuliion,cacum handing, and molecular bias oF 
Sandionasclar dscas, stem call therapy, aed devel 
pment bso: Sera and pines 
Sr feasible. Candidates with expertise inching, but 
toe limited to, the areas of stem cel and regenerative 
‘ology, translatcnal recarch, modcculyrcardhovas 
cular ology and signaling, and who wou synergize 
With existing investigators ae encouraged to app 
Gandidates shoul! have 2 strong record of scholarly 
accomplishment, and should be able wo work in 4 
highly collaborative, interdscipinary environment 
In addition to a generous recruitment package, an 
ENDOWED CHAIR fs available for the exceptional 
candalate. Successful candidates will be expected 
ait a innate, extra faded resenh 
program, contribute to graduate and medial student 
TEaching sil training of fellows and partite I 
Sliical activities (Vor M.D, candidates). Subwait re 


Depactmest of Molar Genet 

sof Motel Geneticn 

‘Univer of Cincnnat 
0, Box arose 


ReSia-sai 1190 


CHEMISTRY /BIOCHEMISTRY- CANCER 
CENTEICPHAAMACY FACULTY POSITION 
University of Californie San Diego 

The Depurmen of Chemary and Bochemity of 
Univer of Cabfomia (UC), San Diego (webal 
bps cy he Ms 

mats 
Stages Scho of Pog : 
ee (bie ts /ohar acy ad <357) tn 
palais Oe eee eet aly 
asin inn aes cons, chemical 
Tecra contanng wo base Lnowedys 
ss fg a mt a 
Sonal phanmacolgy. Canddsts eat hives Th 
PiageD, or Mis and « dewortraed say & 
‘rena peared an nace ts Lennon 
fhe gradanc vel Senor chads wil icy 
pci wh ti Depart of Cheniacy 
Hichomatry and the Seggs Shoal of Phurmacy 
tee Pranareutea Scent and wl have aad 
conorinmeees both wei Salary & omc 
ei sndothe Uaesy of 
Gali pay sce, Apptcets ae arked eo edt 
Portege Aged agri tated eponry 
hacer inde. sa0¢AE SESS MCT, 
Sais cove Tet, uM Te, Compete ha 
i ptdicateen, ba Ghee ad put gatos 
eipicsctpabldeed och tad cent yr 
teaching copeionce 

eae aang fr (hence li le 
mated cay by rekrcnce tr One, Chenitey 
Gancee Center Sarch 4985, University of C- 
iSoents, Sen Digg, Department of Chatty and 
Biochemistry, Es Jolla, CA'92093-0333 The 
teatine for Sylicatns a December 1, 2007, bus 
tol poston elle, al sppcaions ccced sl 
feasted fll conadoation UCSD & on pd Op- 
peesiy/ Amat Ante Enger wih se 
a cmt te tives cay, 


www.sciencecareers.org 
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POSITIONS OPEN 


‘TENURE-TRACK FACULTY POSITION 
Bioinformatics 
Department of Biological Sciences 
The University of Southern Missss 

The Univenlty of Southern Miataipp! Depart 
tment of Biologie Scleaocs ives appliceions te 3 
{enue trick ASSISTANT. PROFESSOR postion 
in cormpinatonal bology. The pation sed vote 
Gkvelopeent of the NEF fundol. Masisippl Com 
punatinal Bology Consortium (websies beege// 
fiche usmedufmiche/), a network of expertise that 
Dialscnny tal cookceiiely nesting comptes 
science and technology with the biological saences 
‘thin he State of Mlassuipps. We scek expertise ia 
the appleation of informs tool ta Biological 
problems that enhance a proving srengeh in cellar 
thu dcr flog Saale reach ae 
3G. systems biclogy, oF 3 ‘afer 
tuavich, The wuccenfal endidice will have the op. 
Porte to pariipate in the Missasipt Funetoeal 
Genomics Network, a compettively Rindad NIH 
comertium that spans the dscplings of genomics, 
Pressly, sll, nd ema (web 

tp: / Zatgnsm.edu/ mfg). 

i Teivesity oF Scere as 
tie High Reseach Activity, Inst 
FS cadence Hatt 
| near the Gulf Cost an oppor 
tlle for outdoor recreation, Hatseburg’ ts the 
twedieah, commercial and. cultural center Of south 
Minishpl and is racked ia the tap Bve seal et. 
tepoliay areas in the United Stas, The, Depart 
ent of Biological. Sclences ls competcd of over 
thiay Bulky and offen Bocedaureate Gegrocs a bio 
logical sciences and muvine biclogy. Over €0 pra 
date sunentscurrennly purse Master’ and doctoral 
Aiegree. Funer information about the Deparment 


‘may be found at website: herp: //www.usm.cdu/ 


‘ccessful candidate will be expected to es: 
tablish an active, extramurally funded research pe 
igeams, mentor graduate students, and participate kn 
fundergraduate and graduate teaching tn bis area of 
expertise, Pentdoctoral research ep 

salary is commensurate with 4 


copies ‘and thee letters of ref 
ference to: Dr, Shiao Wang, Bioinformatics Search 
Committee, Department of Biological Sciences, 


‘The University of Southern Mississippi, 118 Col- 
lege Drive #5018, Hattiesburg, MS 39406-0001, 

lctronic submission accepted (e-mail: shiao. wat 
tamaluy Rev of appleaions wil bope e- 
ember 11, 2007, and continue until the position is 
fille. 

The inicity of Sauthom Misinip i an Afiematv 
Aaron/Equal Opponunty Employer 


BRANDEIS UNIVERSITY. ‘The Biochemistry 
seeks a full-time faeuly 1 
teach introductory biochemistry le 
ry classes beginning fall 2008. Candidates should 
have a Ph.D. in biochemistry or a related Bld, post 
doctoral, and/or teaching experience, and be com 
to undergraduate education. ‘This will be a 
ear, renewable nontenure track appointment 
Salary and rank will be commensurate with experience 
Applicants should submic curriculum vite, state 
‘ment on teaching philosophy, slab from any cours 
taught by the applicant, and three letters of refer 
Ms, Lynn Olsen, Search Coordinator 
Biochemistry Department, M.S. 009 
Beandeis University 
P.0. Box 549110 
Waltham, MA 02454-9110 

First consideration will be given to applications 
received by December 15, 2007. Beales Unser 
‘an Ey Opporinity Employer cited 1 big le 
tan diverse ills smote strongly ences 

pplcstions fom women and mini 
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POSITIONS OPEN 


POSTDOCTORAL POSITION. HIV re 
combination creates vird diversity that obaacts 
therapy. We are defining the mechanisms of 
DNA'RNA srand interactions and vial protein 
activities that promote recombination within 
the co-packaged FIV genomes. Strong back- 


ground in biochemistry and melecular biology 
required. Send curriculum vitae and three 
recommendations to: Dr. Robert Bambara, 
Biochemistry and Biophysics, P.O. Box 
712, Us ‘of Rochester, Rocheste 


POSITION ANNOUNCEMENT. 
MICROBIOLOGY FACULTY POSITION 
College of Sciences and Mathematics 

‘Auburn Us 


versity 


level in microbiology beyinning fill 2008. The suc 
cessfal candidate is expected to establish an interna 
Tionally recognized research program in an area of 
microbiology, and engage in the traning of graduate 
and undergraduate stnients. ‘The succesful candidate 
will alo have teaching responsiblity in the micro. 
biology program and will panicipate in teaching 


2.7%.D. in microbiology 
at Teast two years 
erobiokogy. Desired 
‘qual: rong record of publication, 
teaching experince, and. goon! interpersonal sil 
The candidave selected for hs pasion ust be ae 
‘aces clgiilty requirements to work iv the United 
Stats at the time appointment is hedued vo ben 
fand cantinne marking keally for the propose ter o 
Cuplgmenh eed hehe ommrnicnt cts ho 
Engl 
Mppicants should submit curiculum vitae, a de 
scripdon of research interests ana teaching caper 
‘net, and the names and contact informabion oat 
ica three references to: Dr. Jamies Barbaree, Bio 
logical Sciences Search Committee Chair, Depart 
ment of Biological Sciences, 101 Life’ Sciences 
Building, Auburn University, AL 36849-5407. 
Review af appiiations will begin December 18, 2007 
{aki Unendy an ABrntve Asal Oppose 
Laity Employer Wownen amt mamoeities ar camped i apply. 


‘TENURE-TRACK POSITION 
ASSISTANT PROFESSOR 
University of California, Davis 

‘The Departments of Nutrition and Food Science 
and Technology are currently secking to fill a faculty 
1, 2008, We are anterested in in 
ive cr can extaldish a strong research 
Program focusing on metabolic regulation, specifi 
‘ally the physiological impact of nuteitioeally depen 
ident metabolic fluxes and patterns. The candidate 
must have demonstrated skill and abilities related 10 
the integration of metabolic data with bigh infor 
imation content ito placket: meaning results 
Teaching respornituities will include undergraduate 
and graduate counes in metabolic regulation, partie 
tarts thone that emphasize quantitative and analytical 
concepts 
Full details and application 


found at website: http: /#h. recnuitments.ucday 
chi Oskcapesice ani oraaieat ete 
‘than December 31, 2007, 

UC Dats a “fimsive Acton/Egud Employment 
Opporsnny Enmplper and & dodiowed vo orig a dese 
fas commeney We eke all aad applicants 1 
smcindng women, misontes, sndaoal wth deci 


POSITIONS OPEN 


ASSISTANT PROFESSOR of BIOLOGY 
The University of Mississippi 
‘The Department of Biology at the University of 
Misssipps invites applications for a tenure-track AS 
Sntant Professor postion starting August 2008, The 
successfil candidate will be expected to develop an 
active research program in any area related to immu 
tology. Teaching responsibilities il inca 
in immunology, a graduate course in the 
ea of expertise, and the opportunity tororate through 
a coune in callubir and molecular biology, micro 
biology, physiology, or freshman biology 
To apply, please. visit_our Online’ Employment 


Get your 
career questions 
answered. 


Careers 
Forum 


Rs 
www.ScienceCareers.org: 


[trom the onal Science 


MARKETPLACE 


Custom RNAi Service 
+ Gene silence guaranteed 
‘+ Mult-targeting-site strategy 
* Design, synthesis and construction 
«SIRNA, SHRNA, miRNA & viral shRNA 


EZBiolab _www.ezbiolab.com 


Oligo Labeling Reagents 
*BHO’/CAL Fluor’ /Quasar’ Amidites 
4 Amidites for 5‘ & Int. Modifications 

“Wstandard and Specialty Amicites 


Standard and 5 


MOSEARGHT 180 


Free shipping for 20+ reactions. 
High throughput. Direct sequenc- 
ing from bacteria, phage, genomic 
DNA, PCR products, hairpin, etc. 
Benda, nunc om 


www.sciencecareers.org 


R&D Systems: With You Every Step of the Way 
ap a> 


Choose from our various multiplex assays Quantify your results with our dependable 
to screen for your proteins of interest. ELISA/Assay kits. 
Phospha-RTK Aray Phospho-PDGF-R/ DuoSetICELISA 

aa oe r eoee|| oe 2 

roar rom reais 2. 
POGF-AA weted POGF-AB ented POGF-B8 weated = 

i 2 

i 


‘Unwested FOGFAA POGFAR PDGE.AB 


Select from a wide range of high quality proteins 
and antibodies that ensure accurate results for 
many types of experimental procedures. 


Phycoerythrn-conjugated mouse anti-human 
Pot 


10 To! 10° at) 


Request your poster by visiting www.RnDSystems.com/go/2007 Poster 


USA8 Canada RAD Syste fc. TH (80) 343 7075 ee tmscom 


Europe ASD Systems urope Led Tet «4|O1215 52060 mloofaDSytenscaut 


For esearch use ony. Not forusein diagnostic procedures. 


